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Charge-coupled  devices  (CCD’s)  and  bucket-brigade  devices  (BBD's) 
are  subsets  of  a class  commonly  known  as  charge  transfer  devices  (CTD's). 

The  basic  principle  of  charge  transfer  devices  involves  the  movement  of 
charge  from  one  physical  location  of  a semiconductor  substrate  to  another 
in  a controlled  manner  with  the  use  of  properly  sequenced  clock  pulses. 

With  properly  designed  charge  injection  and  detection,  CTD’s  are  capable 
of  performing  numerous  electronic  functions  such  as  image  sensing,  data 
storage,  signaJ  processing,  and  logic  operations  since  the  CTD  is  an  ana- 
log shift  register  in  its  basic  form. 

Charge-coupled  devices  can  be  classified  (Fig.  1.1)  as  surface  charge- 
coupled  devices  (SCCD's)  in  which  the  signal  charge  is  transferred  along 
the  Si  surface  (or,  more  accurately,  the  Si/Si02  interface),  or  bulk  charge- 
coupled  devices  (BCCD’s)  in  which  the  signal  charge  is  transported  within 
the  Si. 

1.1.  History  and  Development  of  CCD's 

The  concept  of  storing  information  via  charge  in  a capacitor  is  not 
new.  The  concept  of  connecting  a series  of  storage  capacitors  with  perfect 
switches  was  adapted  to  provide  a variable  analog  delay  line.  However,  the 
charge  transfer  concept  lacked  an  effective  vehicle  to  develop  and  utilize 
these  ideas.  With  the  recent  significant  process  and  material  improvements 
associated  with  MOS  technology,  and  control  of  Si/SiO.,  interface  properties, 
it  became  possible  to  translate  these  ideas  into  physically  realizable  devi- 
ces. The  first  modern  implementations  of  the  charge  transfer  concept  employed 
bipolar  transistors  as  switches  (1,2),  The  bipolar  transistors  were  later 
replaced  by  MOS  transistors  (3,4)  and  the  form  now  known  as  bucket-brigade 
devices  was  developed  (4). 

The  CCD  concept  was  initially  developed  in  1969  by  Boyle  and  Smith  (6) 
and  was  later  verified  in  1970  (5).  According  to  this  concept,  the  switches 
between  the  storage  capacitors  were  removed  by  placement  of  adjacent  capaci- 
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CTD'S  - Charge  Transfer  Devices 
BBD'S  - Bucket  Brigade  Devices 
CCD'S  - Charge-Coupled  Devices 
SCCD'S  - Surface  Charge-Coupled  Devices 
BCCD'S  - Bulk  Charge  Coupled  Devices 


Figure  1.1.  Family  of  Charge  Transfer  Devices 


tors  in  close  proximity  of  each  other.  The  stored  charge  is  maintained  in 
the  surface  layer  of  silicon  in  inversion  regions,  which  are  induced  by 
electrodes  located  on  top  of  a thin  (lOOnm)  silicon  dioxide  layer.  By  a 
proper  sequence  of  voltage  pulses  on  adjacent  electrodes,  the  inversion 
region  under  the  first  electrode  can  be  made  to  collapse  as  the  next  in- 
version region  expands.  Thus  the  potential  well  and  its  associated  minor- 
ity signal  charge  is  effectively  passed  on  to  the  next  electrode.  A 3- 
phase  p-channel  CCD  (6)  was  investigated  theoretically  following  the  ini- 
tial concept  but  the  first  CCD  circuit  actually  incorporating  these  concepts 
was  an  8-bit  shift  register  (7).  To  increase  the  efficiency  of  charge  trans- 
fer and  to  decrease  the  required  number  of  clocks,  differing  forms  of  CCD's 
were  independently  devised.  Placing  a transfer  electrode  between,  and  over- 
lapping, the  two  storage  electrodes  reduced  the  effective  signal  charge 
loss  during  charge  transfer  (8).  Numerous  contributors  have  since  attempted 
to  devise  improved  structures  from  the  basic  CCD  concept , 

From  the  initial  simple  8-bit  shift  register,  the  first  major  appli- 
cation of  the  CCD  technology  was  in  signal  processing  because  these  devices 
can  provide  accurate,  clock-controlled  time  delays  of  analog  signals.  Sig- 
nal processing  circuits  such  as  analog  delay  lines,  multipliers,  recursive 
filters,  transversal  filters,  correlators,  etc.  have  been  developed  which 
utilize  the  analog  delay  effects.  It  was  later  realized  that  image  sensors 
could  also  be  constructed  by  generating  the  minority  signal  charge  by  opti- 
cal means.  Both  linear  and  area  image  sensors  have  been  developed  which  are 
capable  of  detecting  visible  light.  With  slight  modifications,  the  image 
sensor  concept  was  extended  to  the  infrared  spectrum.  The  CCD  concept  was 
further  adapted  to  generate  large  digital  memory  arrays  for  medium  speed, 
mass  storage  applications. 

1.2.  Characteristics  and  Advantages  of  CCD's 

The  main  t\  ature  of  CCD  technology  is  its  capability  to  provide  accurate, 
c loc.k-control  1 ed  time  delays  of  analog  signals.  Although  bucket-brigade 
devices  can  also  perform  this  function,  almost  all  CCD  structures  nave 
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inherently  better  performance  than  equivalent  bucket-brigade  devices, 
especially  in  the  areas  of  charge  transfer  efficiency  and  transfer 
noise.  Thus,  even  though  bucket-brigade  devices  were  developed  before 
CCD's,  the  CCD  technology  now  dominates  (except  in  very  specific  appli- 
cations), and  bucket-brigade  device  utilization  has  been  rendered 
insignificant  in  comparison  to  CCD  usage. 

As  initially  conceived,  the  CCD  theory  was  relatively  simple  and 
therefore  fabrication  was  simple  as  compared  to  standard  MOS  technology. 
However,  as  the  concept  matured,  the  CCD  structure  and  fabrication  process 
evolved  until  now  CCD  processing  is  appreciably  more  involved  than 
silicon-gate  MOS  processing.  Multiple  silicon  gate  levels,  diffused  or 
implant  channel  confinement  structures,  implanted  barriers,  etc.  are  now 
commonly  utilized  in  addition  to  standard  silicon-gate  MOS  processing. 

CCD  processing  does  allow  the  usage  of  MOS  circuits  on  the  same  chip  for 
clock,  input,  detection,  etc.  circuits.  However,  the  simplicity  of  the 
basic  cell  structure  still  remains  and  thus  the  circuit  packing  density 
of  a CCD  is  significantly  higher  than  silicon-gate  MOS  circuits.  Pro- 
cessing is  also  simplified  and  yields  are  improved  by  the  elimination  of 
intercell  connections,  CCD  circuits  offer  low  noise  and  low  power 
advantages  where  the  power  requirements  are  approximately  1-5  pW/bit 
at  1MHz.  CCD  circuits  are  in  the  medium  speed  range  with  data  shift 
rates  normally  about  5-20  MHz  with  some  special  designs  at  135  MHz. 

However,  CCD  operation  is  dynamic  in  nature  since  thermal  generation  of 
carriers  will  in  time  obliviate  the  signal  charge. 

CCD  image  sensors  have  excellent  low  light  level  response,  and  cooled 
CCD  imagers  are  capable  of  detecting  a very  small  number  of  photons. 

Ability  to  detect  1 photon  has  been  predicted.  Because  of  the  high  packing 
density,  the  number  of  sensors  per  unit  area  is  quite  high,  typically 
one  site  per  square  mil.  CCD  imagers  integrate  the  charge  wiiicn  is  gener- 
ated by  the  incoming  light  by  collecting  charge  for  a certain  time  and 
then  reading  it  out.  This  accounts  for  its  favorable  low  light  level  response. 
In  signal  processing  applications,  CCD's  use  their  variable  input  signal 
charge  and 


4 


variable  time  delay  to  perform  analog  functions  which  are  difficult  if  not 
impossible  to  implement  economically  in  other  technologies.  Transversal  and 
recursive  filters  have  been  manufactured  which  can  have  electronically  vari- 
able bandwidth  and  center  frequency,  leading  to  spread  spectrum  communication 
applications.  Using  the  non-destructive  data  sampling  which  is  possible  with 
CCD’s,  multiplexers,  as  well  as  other  circuits  such  as  correlators,  shift 
registers,  etc.  are  simple  to  construct. 

A more  recent  application  of  CCD's  is  in  the  area  of  large  memory  arrays. 
CCD  memories,  organized  in  line  or  track  form,  consist  of  circulating  serial 
shift  registers.  Address  circuitry  is  located  on  the  chip,  and  addresses 
each  track  which  is  then  read  out  serially.  Most  line  lengths  are  64  or  128 
bits  long,  and  average  access  time  for  any  bit  is  approximately  50  ps  for  a 
128  bit  line.  High  packing  density  is  of  extreme  importance,  and  currently 
16K  CCD  memories  are  available  in  a single  reasonably  sized  chip.  CCD  memor- 
ies, which  are  volatile,  need  regenerative  circuitry  on  chip  to  maintain  the 
data.  Main  competition  for  CCD  memories  come  from  magnetic  bubble  memories 
and  disc  memories.  Disc  memories,  while  currently  firmly  established  in  this 
memory  area,  are  slower  and  less  reliable  than  CCD  memories.  Furthermore, 
they  have  extensive  overhead  equipment  requirements  which  make  the  system 
physically  large  and  of  high  power  consumption.  Magnetic  bubbles  have  low 
power,  data  nonvolatility,  non-diffusion  or  implant  processing,  and  no  stand- 
by power  requirements  which  are  advantages  as  compared  to  CCD's.  However, 
magnetic  bubble  memories  require  high  cost,  complex  materials,  high  perfor- 
mance sense  amplifiers,  and  off-chip  input  and  detection  circuitry,  as  well 
as  having  slower  speed  capabilities  than  CCD's. 

1.3.  Scope  of  this  Report 

This  report  attempts  to  cover  in  some  detail  the  current  state-of- 
the-art  of  charge-coupled  device  technology.  It  is  obvious  from  the  number 
of  references  involving  CCD's  that  the  field  has  developed  rapidly  since  its 
inception  approximately  six  years  ago,  and  a complete  survey  is  therefore 
difficult  to  achieve  accurately.  It  should  be  noted  that  an  excellent  book  (9) 
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of  charge  transfer  device  technology  has  recently  been  published  and 
complements  this  report  in  many  areas. 

This  report  is  divided  into  three  general  sections.  The  first  part, 
consisting  of  chapters  2 and  3,  describes  the  fundamental  theory  concerning 
CCD  technology  and  illustrates  the  variety  of  structural  forms  which  are 
currently  used.  The  methods  of  injecting  and  detecting  the  minority 
signal  charge  are  discussed  as  well  as  the  processing  techniques  of  CCD's 
with  MOS  device  processing  used  as  reference.  The  capabilities  and 
limitations  of  CCD's  are  presented,  and  areas  such  as  signal  handling, 
transfer  inefficiency,  noise  and  dark  currents,  and  power  are  evaluated. 

The  following  section,  chapter  4,  deals  with  the  current  utilization  of 
the  CCD  concept  and  investigates  digital  circuits,  analog  circuits,  image 
sensors,  and  their  performance  characteristics.  In  the  third  section, 
chapters  5 and  6,  the  important  areas  of  basic  device  costs,  reliability, 
industrial  trends,  and  recommendations  are  offered  to  indicate  where 
CCD's  are  currently  used  and  where  the  CCD  technology  can  be  used  in  the 
future. 

Schematic  diagrams  are  used  extensively  in  this  report  to  indicate 

the  various  physical  structures  of  CCD's.  To  avoid  confusion,  the  code 

* 

indicated  in  Fig.  1.2  is  used  throughout  in  hybrid  schematic  diagrams  . 
Diagrams  representing  the  topography  or  surface  view  do  not  use  this  code. 


By  hybrid  we  refer  to  a schematic  of  the  structured  cross-section  on  a 
plane  perpendicular  to  the  surface.  Superimposed  on  this  are  potential 
wells  for  free  electrons.  The  depth  of  the  well  indicates  the  minimum 
potential  energy  in  the  Si. 
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p-type  Si  substrate 


Metal 


p-doped  Si  - e.g.  ion-implant  or  diffused 
region  4 

n-doped  Si  - e.g.  ion-implant  or  diffused 
region 

Electrons  in  potential  well 


t igure  1.2.  Code  for  hybrid  diagrams 


1.4.  Definition  of  Terms 

The  following  are  typical,  definitions  related  to  charge-transfer 
devices  which  are  currently  in  use. 

1.4.1.  Device  names. 

a)  Charge-Transfer  Device  (CTD) ■ 

A device  in  which  operation  depends  on  the  movement  of 
discrete  packets  of  charge  along  or  beneath  the  semicon- 
ductor surface. 

b)  Bucket-Brigade  Device  (BBD) . 

A charge-transfer  device  that  (1)  stores  charge  as  majority 
carriers  in  doped  regions  in  the  surface  of  a semiconductor 
that  become  reverse  biased  with  respect  to  the  substrate  and 
(2)  transfers  this  charge  as  a packet  along  the  surface 
through  a series  of  switching  devices  that  interconnect  the 
doped  regions. 

c)  Charge-Coupled  Device  (CCD) . 

A charge-transfer  device  that  stores  minority  carriers  in 
potential  wells  and  transfers  this  charge  as  a packet  by 
translating  the  potential  minima. 

d)  Bipolar  Bucket -Brigade  Device. 

A bucket-brigade  device  in  which  the  switching  devices  are 
bipolar  transistors. 

e)  JFET  Bucket -Brigade  Device  (JFET  BBD). 

A bucket -brigade  device  in  which  the  switching  devices  are 
junction-gate  field-effect  transistors. 

f)  MOS  Bucket-Brigade  Device  (MOS  BBD) . 

A bucket-brigade  device  in  which  the  switching  devices  are 
MOS  field-effect  transistors. 

g)  Surface-Channel  Charge-Coupled  Device  (SCCD^. 

A charge— coupled  device  in  which  the  potential  wells  are 
created  at  the  semiconductor-  insulator  interface  and  charge 
i.s  transferred  along  that  interface. 

H 


A charge-coupled  device  that  confines  the  flow  of  charges 
to  a channel  lying  beneath  the  surface. 


i)  Bulk-Channel  Charge-Coupled  Device  (BCCD) . 

A synonym  for  burled-channel  charge-coupled  device. t 

j)  Conductively-Connected  Charge-Coupled  Device (C4D) . 

A charge-coupled  device  that  uses  doped  regions  between  the 
potential  wells  and  hence  becomes  a hybrid  between  a charge- 
coupled  device  and  a bucket-brigade  device. 

k)  Junction-Gate  Charge-Coupled  Device. 

A buried-channel  charge-coupled  device  that  uses  a diffused 
junction  as  the  gate  electrode. 

l)  Schottky-Barrier  Charge-Coupled  Device. 

A buried-channel  charge-coupled  device  that  uses  a Schottky 
barrier  junction  as  the  gate  electrode. 

m)  Charge-Coupled  Image  Sensor. 

A charge-coupled  device  in  which  an  optical  image  is  con- 
verted into  packets  of  charge  that  can  be  transferred  as  the 
electrical  analog  of  the  image. 

n)  N-Channel  Charge-Coupled  Device. 

A charge-coupled  device  fabricated  so  that  the  charges 
stored  in  the  potential  wells  are  electrons. 

o)  P-Channel  Charge-Coupled  Device. 

A charge-coupled  device  fabricated  that  the  charges  stored 
in  the  potential  wells  are  holes. 

p)  Multiphase  Charge-Coupled  Device. 

A charge-coupled  device  that  requires  more  than  one  clock 
applied  sequentially  to  provide  directionality  to  the  trans- 
fer of  charge. 
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q)  Uniphase  Charge-Coupled  Device;  One-Phase  Charge-Coupled  Device. 

A charge-coupled  device  that  has  asymmetric  potential  wells 
so  that  only  a single  clock  is  necessary  to  transfer  the 
charge  in  the  desired  direction. 

r)  Overlapping  Gate  Charge-Coupled  Device. 

A charge-coupled  device  formed  so  that  adjacent  gate  elec- 
trodes overlap  and  are  insulated  from  one  another. 

1.4.2.  General  Terms. 

a)  Background  Charge. 

Synonym  for  circulating  bias  charge  used  mainly  in  imaging 
devices. 

b)  Charge  Packet . - - - ----- 

A quantity  of  electrical  charge  that  is  the  sum  of  the  signal 
charge  and  bias  charge  (if  used)  and  is  stored  in  potential 
wells. 

c)  Charge-Regeneration  Stage. 

A region  of  a charge-transfer  device  that  is  used  to  refresh 
digital  information  stored  in  a bit  location. 

d)  Circulating  Bias  Charge. 

A quantity  of  electrical  charge  that  is  inserted  into  the 
potential  well  to  define  the  low  charge  level. 

e)  Drift-Aiding  Fringing  Field. 

An  electric  field  at  the  semiconductor-insulator  interface 
along  the  direction  of  charge  propagation  due  to  the  potential 
on  adjacent  gate  electrodes  and  the  potential  on  the  gate 
electrode  directly  above. 

f)  Empty  Zero. 

A condition  where  there  is  zero  circulating  bias  charge. 

g)  Fat  Zero. 

Synonym  for  circulating  bias  charge  and  used  mainly  in  digital 
devices. 
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h)  Floating  Diffusion. 

A diffused  area  into  which  a charge  packet  can  be  introduced 
thereby  changing  its  potential. 

Note:  Typically  used  in  detection  or  regeneration  schemes. 

i)  Floating  Gate. 

An  electrically  floating  gate  (pad)  on  an  insulating  surface 
over  an  active  portion  of  the  semiconductor  surface. 

Note:  Typically  used  in  detection  or  regeneration  schemes. 

j)  Gate  Electrode;  Transfer  Electrode. 

A plate  (pad)  that  is  on  an  insulating  surface  over  an 
active  portion  of  the  semiconductor  surface  and  to  which 
potential  is  applied. 

k)  Potential  Minimum. 

A local  minimum  of  the  electrostatic  field. 

l)  Potential  Well. 

A spatially  defined  depletion  region  of  a charge-coupled 
device  where  a potential  minimum  exists. 

m)  Signal  Charge. 

A quantity  of  electrical  charge  in  a potential  well  that, 
in  conjunction  with  the  bias  charge  (if  used),  defines  the 
signal  level. 

n)  Skinny  Zero. 

Synonym  for  circulating  bias  charge  of  smaller  magnitude  than 
for  Fat  Zero  (normally  applied  to  BCCD's). 

o)  Transfer  Channel. 

The  area  of  a charge-coupled  device  in  which  the  charge 
flow  is  confined. 

Note:  This  is  physically  accomplished  by  means  of  an  oxide 
step,  a channel-stopping  diffusion  or  implant,  or  by  a special 
edge-guard  electrode. 


p)  Stage 

That  part  of  a CCD  which  forms  the  smallest  definable 
operation.  It  consists  of  one  storage  gate  and  accessory 
transfer  gates,  if  used. 

q)  Element 

The  smallest  portion  in  a CCD  delay  line  which  upon  trans- 
lation can  generate  the  complete  line.  In  a p-phase 
system  each  element  contains  p stages. 

r)  Unit  Cell 

Synonym  for  element. 

1.5  Notation 
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Area 

Area  occupied  by  background  charge 
Area  occupied  by  signal  packet 
Area  of  storage  electrode 
Feedback  coefficient 
Bandwidth 

Feedback  coefficient 
Capacitance  per  unit  area 
Capacitance 

Capacitance  (capacitance  per  unit  area)  of  depletion  region 
Effective  capacitance  (capacitance  per  unit  area)  of  channel 

Capacitance  (capacitance  per  unit  area)  of  floating  diffmsion 

Capacitance  (capacitance  per  unit  area)  of  floating  gate 

Capacitance  per  unit  area  between  gate  and  substrate 

Capacitance  per  unit  area  of  metering  well 

Capacitance  per  unit  area  associated  with  oxide 
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s t 

C Oxide  capacitance  per  unit  area  of  storage  electrode 

OX 

Ctr  Oxide  capacitance  per  unit  area  of  transfer  electrode 

c'  Capacitance  of  source 

s 

D Diffusion  Coefficient 

V Diffusion  Coefficient  for  electrons 

n 

D Diffusion  Coefficient  for  holes 

P 

d Depletion  layer  width 

d^  Thickness  of  n-type  layer  in  BCCD 

d Thickness  of  oxide  layer 

ox 

dtr  Thickness  of  oxide  layer  of  transfer  gate 

ox 

s t 

d Thickness  of  oxide  layer  of  storage  gate 

ox 

f Frequency 

f Clock  frequency 

f c^2  Nyquist  frequency 

g Instantaneous  transconductance 

m 

g Reverse  transfer  conductance 

H Feedback  coefficient 

h Weighting  factor  in  transversal  filter 

1\ 

I Current 

Ig  Signal  Current 


J Current  density 

J Hole  current  density 

P 

Electron  current  density 
Jnd  Dark  electron  current  density 


13 


K 
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st 


tr 
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eq 


ss 


P 

Q 

Q* 


Qin 


Feedback  Coefficient 
Boltzmann's  constant 
electrode  length 

Length  of  stage  In  contact  with  bias  charge  (FAT  ZEROS) 

Length  of  stage  in  contact  with  signal  charge 

Length  of  storage  electrode 

Length  of  transfer  electrode 

Number  of  parallel  channels 
Number  of  elements  Unit  Cells 

Acceptor  concentration 
Donor  Concentration 
(1/Na  + 1/ND)_1 
Interface  state  density 
Concentration  of  bulk  traps 

Electron  concentration.  Also  number  of  stages  In  a CCD 
Electron  concentration  in  intrinsic 

Number  of  signal  electrons  in  a given  well 

Number  of  phases 
Charge  per  unit  area 
Total  charge  per  packet 

Bound  charge  per  unit  area  in  acceptor  states  in  transition  region 
Dark  charge  in  the  i'th  well 

Net  charge  per  unit  area  in  gate 

Input  charge  per  unit  area 

Mobile  charge  per  unit  area  (free  electrons)  in  potential  well 
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nu^ 


<nB 

nS 

i 

0 

4 

1 

s 


Q, 

Q 

Q, 

Q 

Q 

S3 

K(f  ) 

*n  <V 


tr 

Cf  min 

CTR 

t 

o 

V 

AV 

VFB 

VFG 


Mobile  charge  in  potential  well 

Maximum  charge  per  unit  area  that  well  can  accept 

Charge  handling  capacity  of  BCCD 

Charge  handling  capacity  of  SCCD 

Initial  sending  charge 

Net  charge  per  unit  area  in  Si 

Net  charge  in  Si  in  potential  well  area 

Surface  state  charge  per  unit  area 

Frequency  response  function 

Net  recombination  rate  of  electrons  (holes) 

Time  delay 

Time  delay  of  each  element  in  a transversal  filter 

Carrier  transfer  time 

Minimum  fall  time 

Single  carrier  transfer  time 

Time  constant  associated  with  self-induced  drift 

Voltage:  Normally  with  respect  to  Si  substrate 

Voltage  difference  between  adjacent  electrodes 
Flat-band  potential:  The  value  of  VG  required  for  <f>s»0 

The  voltage  on  the  floating  gate 

The  voltage  on  the  gate 

The  ''high"  voltage  on  an  electrode 

The  "low"  voltage  on  an  electrode 

Voltage  across  p-n  junction  required  no  deplete  channel  in  BCCD 
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ref 


sig 


W 

8 

6 

A 


ox 


fmln 


"b 

>ch 

>f 


Magnitude  of  voltage  of  clock  pulse 

"rest"  voltage 

Reference  voltage 

Volume  of  signal  charge 

Signal  voltage 

Threshold  voltage 

Width  of  channel  in  BCCD 

Width  of  stage  in  contact  with  bias  charge 
Width  of  stage  in  contact  with  signal  charge 
Fixed  charge  loss  per  transfer 
Fixed  charge  loss  per  transfer 
Transfer  inefficiency  (1-n) 

Permittivity  of  Sit^ 

Electrostatic  field 
Minimum  fringing  field  along  channel 
Intrinsic  transfer  inefficiency 
Transfer  inefficiency  at  Nyquist  frequency 
Permittivity  of  Si 

Self-induced  electrostatic  field  along  channel 
Transfer  efficiency 

Electrostatic  potential.  Also  designates  phase 
Barrier  potential 
Channel  potential 

Electrostatic  potential  between  intrinsic  and  extrinsic 
Fermi  level 
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Work  function  between  gate  and  substrate 
Potential  across  oxide 

Equilibrium  barrier  height  of  p-n  junction 
Surface  potential  with  respect  to  bulk  Si 
Drain  surface  potential 

Surface  potential  at  drain  for  zero  charge 

Source  surface  potential 

Source  surface  potential  for  zero  charge 

Minority  carrier  lifetime.  Also  thermal  time  constant 

Emission  time  constant 

Final  time  constant 

Electron  lifetime 

Electron  mobility 


Hole  mobility 

Frequency  response  of  transversal  filter 
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2.  FUNDAMENTAL  CHARGE-COUPLED  DEVICE  PRINCIPLES  AND  IMPLEMENTATIONS 

2.1.  The  MOS  Capacitor 

2.1.1.  Qualitative  description.  The  basic  element  of  a CCD  is  the  mptai- 
oxlde-semiconductor  (MOS)  capacitor.  The  theory  of  MOS  interfaces  and  capaci- 
tance is  discussed  in  detail  in  several  references  (e.g.  10,11)  so  the  dis- 
cussion presented  here  is  limited  to  the  pertinent  results  of  the  theory  and 
its  extension  to  CCD  structures.  The  theory  is  illustrated  by  the  use  of 
n-channel  devices  unless  specifically  stated  otherwise.  The  operation  of 
p-channel  devices  is  identical  to  that  of  the  n-channel  devices  with  the 
exception  of  the  polarities  of  the  applied  voltages  and  interna]  potentials, 
and  the  sign  of  the  charge  carriers.  A linear  array  of  MOS  capacitois  is  shown 
schematically  in  Fig.  2.1.  A capacitor  consists  of  a metal  p]ate  (gate)  depo- 
sited onto  a Sit^  layer  which  was  thermally  grown  onto  a p-typc  SI  substrate. 
With  positive  voltage  applied  to  the  metal  plate  with  respect  to  the  substiate, 
the  majority  carriers  in  the  silicon,  holes  in  this  case,  are  repelled  from 
the  surface,  and  a depletion  region  is  formed  in  the  silicon  under  the  elect- 
rode. For  sufficiently  large  voltages,  the  energy  bands  in  the  silicon  at  the 
silicon-oxide  interface  are  bent  such  that  an  inversion  region  is  formed.  A 

Si  interface  is  said  to  be  inverted  if  the  Si  conduction  band  edge  E at  the 

c 

Si-SiO^  interface  is  at  a low  enough  potential  such  that  in  the  steady  state 
condition  its  electron  density  is  comparable  to,  or  greater  than,  the  hole 
density  in  the  bulk  of  the  substrate.  Figure  2.2  shows  schematically  the 
situation  for  gate  voltage,  V , applied  such  that  inversion  exists.  Figures 
2.2a  and  2.2b  represent  the  case  in  which  no  carriers  are  present  in  the 
conduction  band  at  the  interface.  Figure  2.2a  shows  a hybrid  schematic  dia- 
gram of  the  structure  on  a plane  normal  to  the  surface  of  the  gate.  Super- 
imposed onto  this  diagram  is  a "well"  or  "bucket"  representing  the  energy 
from  the  Fermi  level  in  the  bulk  Si  to  the  hot  tom  of  the  conduction  hand  at 
the  Si-SiO^  interface.  This  can  be  seen  by  a comparison  j i t'cg.  . 2a  with 
Fig.  2.2b,  an  energy  band  diagram  through  the  gate  normal  to  the  surface. 
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ELECTRONS 


Figure  2.2.  Hybrid  and  energy  band  diagrams  of  a MOS  capacitor  for 

positive  electrode  voltage  Vq  with  respect  to  3i  substrate. 
In  a and  b the  potential  well  is  empty.  In  c and  d electrons 
are  in  the  well. 
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Figures  2.2c  and  2. 2d  show  the  corresponding  hybrid  and  energy  band 
diagrams  for  the  capacitor  with  the  same  gate  voltage  but  with  electrons 

present  in  the  conduction  band.  Note  that  the  presence  of  this  charge  incre- 

ases the  potential  energy  of  the  interface  region,  and  since  V„  is  fixed, 

VJ 

the  increase  in  potential  drop  on  the  oxide  <j>Qx  relative  to  that  for  Figs. 
2.2a  and  2.2b  is  equal  to  the  decrease  in  potential  drop  in  the  Si  4>g.  The 
electrons  in  the  conduction  band  or  in  the  well  are  indicated  in  the  hybrid 
schematic.  Note  that  the  well  represents  position  horizontally  vs  potential 
energy  vertically.  The  electrons  in  the  bottom  of  the  well  are  located  with- 
in approximately  lOnm  of  the  Si-Si02  interface  and  within  a few  hundredths 
of  an  eV  from  the  bottom  of  the  well.  For  visual  clarity,  this  extent  of 

occupation  of  the  well  is  exaggerated  with  respect  to  the  total  depth  of  the 

well  (eV) . The  doping  level  in  the  Si  substrate  affects  the  potential 
dropped  across  the  oxide  relative  to  that  across  the  Si  depletion  region.  For 
a given  oxide  thickness  and  gate  voltage,  an  increase  in  substrate  doping 
level  increases  the  potential  across  the  oxide  and  reduces  the  depth  of  the 
potential  well.  This  is  illustrated  schematically  in  Fig.  2.3  where  the  p- 
type  doping  concentration  is  increased  in  the  regions  indicated  (by  diffusion 
or  ion  implantation) . The  depth  of  the  potential  well  is  greatest  where  the 
substrate  doping  (at  the  surface)  is  the  lightest.  As  will  be  seen  later, 
such  selective  doping  of  the  substrate  is  used  to  shape  the  potential  well 
profiles. 

In  operation  of  a CCD,  electrons  are  collected  in  these  wells.  The 

electrons  may  be  generated  in  the  Si  by  incident  photons  and  captured  by  the 

potential  well  as  in  an  image  sensor,  or  may  be  transferred  between  adjacent 

wells  as  in  a shift  register.  In  addition,  electrons  can  be  generated  therm- 

-2  i 

ally.  Since  thermal  generation  is  a relatively  slow  process  (10  -10  seconds 

to  fill  the  well)  any  processing  of  signal  charge  must  be  done  in  a time 
which  is  short  compared  to  the  thermal  generation  time. 

2.1.2.  Quantitative  description  of  MOS  capacitor.  It  is  useful  to  have 


an  expression  relating  the  applied  gate  voltage  VG>  the  mobile  electron 
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charge  per  unit  area  in  the  well  Q , the  surface  potential  > and  the 

n s 

material  properties  of  the  MOS  capacitor.  The  derivation  is  outlined  in  this 
section  under  certain  simplifying  assumptions: 

Assumptions 

i)  The  substrate  impurity  density  N^,  is  uniform 

ii)  The  surface  state  density  N is  immobile  and  independent  of  V and 
Q ss  u 

xn 

iii)  The  voltage  drop  across  the  inversion  layer  is  negligible  compared 
to  that  across  the  depletion  region 

iv)  The  width  of  the  inversion  region  is  negligible  compared  to  the 
depletion  layer  width 

Definitions  of  terms  and  symbols 

The  terms  and  symbols  which  are  used  are  defined  below  and  with  refer- 
ence to  Fig.  2.4.  Applied  voltage  is  denoted  by  V,  while  <f>  represents  electro- 
static potential  differences. 

Inversion  Layer:  that  region  in  which  the  steady  state  condition  minority 
carriers  are  present  in  concentration  greater  than  that  of  majority  carriers 
in  the  bulk. 

Depletion  Region:  that  region  in  which  the  mobile  carrier  density  is 
negligible  compared  to  that  of  the  majority  carrier  density  in  the  bulk. 

VG,  Gate  Voltage:  the  voltage  applied  to  the  gate  with  respect  to  the 
substrate. 

VT  = 2 Threshold  Voltage:  the  gate  voltage  required  to  create  an  inver- 
sion layer  in  the  steady  state  case. 

<}>£  = E^  - E^:  the  electrostatic  potential  between  the  Si  intrinsic  Fermi 
level  E^  and  the  Fermi  level  E^  in  the  bulk. 

<j>s.  Surface  Potential:  the  voltage  of  the  Si-SiC^  interface  with  respect 
to  the  bulk  Si. 

V_„  = 4>  - Q /C  , Flat  Band  Potential:  the  value  of  V„  required  to 

FB  ms  ss  ox  G 

reduce  to  zero,  i.e.  to  flatten  the  bands  in  the  Si. 

Qg the  Surface  State  Charge  Density  Per  Unit  Area:  the  charge  residing 
in  the  SiO^  very  near  the  SiO^/Si  interface.  It  is  found  to  be  non-mobile  and 
positive. 

d>  , Work  Function  difference  between  metal  and  semiconductor. 
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C , Oxide  Capacitance  Per  Unit  Area:  Q„/4 
ox  0 ox 


- (^s  + ^ss) _ 


e / d 
ox  ox 


<j>ox:  the  electrostatic  potential  across  the  oxide,  or  the  electrostatic 
potential  of  the  gate  with  respect  to  the  Si  surface. 

Q_:  the  net  charge  per  unit  area  on  the  gate. 

Qs  = Qn  + Qg‘.  the  net  charge  per  unit  area  in  the  Si. 

Q^:  the  mobile  charge  (electrons)  per  unit  area  in  the  inversion  layer. 
Qg:  the  bound  charge  per  unit  area  in  acceptor  states  in  the  transition 
region. 

d : thickness  of  SiO„. 
ox  2 

eg:  electrical  permittivity  of  Si. 

e : electrical  permittivity  of  SiO_. 

ox  1/2  2 
x,  = (2e  4>  /qN  ) ' : depletion  region  width. 

Cl  S S A 

We  firs*-  show  that  the  (differential)  capacitance  between  gate  and  sub- 
strate bulk  C„D  can  be  expressed  as  the  series  combination  of  the  oxide 

VjD 

capacitance  Cqx  and  the  depletion  capacitance  in  the  Si,  Cp. 

By  definition 
dQn 

CGB  = d?  <2-« 

Since  the  net  charge  in  the  capacitor  is  zero. 


Q = -(Q  + Q + Q„). 

xss  xn  yB 


Since  Q and  Q are  assumed  independent  of  V„, 
ss  n G 

r 

GB  dVG  * 


(2.2) 


The  gate  voltage  can  be  expressed 

Qn  QB 

V = V + <t> — 

G FB  vs  C C 

ox  ox 


and  since  V_„  and  Q are  constant 

n dQB 

dVG  = d*s-—  * 


(2.3) 


(2.4) 


r 

i 


Substituting  Eq.  2.4  into  Eq.  2.2  gives 


uB  1/C  - d«t>  /dQ_ 

ox  s B 

Since  C..  - -dQ„/d<j>  , where  C-.  is  the  capacitance  per  unit  area  of  the  dep- 
Dos  D 

letion  region, 

C 


GB  l/Cox  + 1/CD 


(2.5) 


or  CGB  is  equal  to  the  series  capacitance  of  Cqx  and  C^.  It  is  convenient 
to  express  Eq.  2.5  as 


GB  1 

C 1 + C /Cn 
ox  ox  D 


(2.6) 


We  next  derive  an  expression  for  4 . Using  the  depletion  approximation, 
1/2 

Q = (2qN  e ) ' and  Eq.  2.3  becomes 
D A OX  S 


Qn  (2qNAeoxV 

V = V + A - A °---s 

G FB  ?s  C C 

ox  ox 


1/2 


(2.7) 


Solving  Eq.  2.7  for  <|>  yields 


n 


k = v -V  + -=—  + 

s G FB  C 

ox 


qN.e 
^ A ox 

" 2qN.  e 
^ A ox 

\ ' 

v -V  + zr—  ] + 

"Vox' 

2 

„ 2 

„ 2 

G FB  C 

_ 2 

C 

ox 

C 

L ox 

ox. 

i Cox 

1/2 


(2.8) 


Letting 


V'  = V - V + — 
G G FB  C_ 


and 


ox 


V0  = 


qVs 


ox 


Eq.  2.8  can  be  written 


9 1/2 

K + vo  - l2vivo  + V1 


(2.,) 


Eq.  2.6  can  then  be  expressed 
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(2.10) 


m 


| 

I 


"GB 


ox 

1 + ‘V2V 
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Although  it  is  not  obvious  from  Eqs.  2.7  or  2.8,  for  a given  value  of 


V as  Q increases 
o n 


t>  decreases  and  thus  from  Eq.  2.10,  C„  increases, 
s n GB 


This  is  as  expected,  since  as  $ decreases  so  does  the  depletion  width 

s 


xd = 


2e  <p 

8 3 


1/2 


and  since 


CD  x,  » 

a 

C_  and  thus  increase. 

U \j£> 


Figure  2.5  shows  a graphical  interpretation  of  these  equations.  We 
define  as  the  maximum  charge  per  unit  area  that  a potential  well 
can  accept.  If  more  charge  is  injected,  the  depth  of  the  well  decreases 
until  <f>  becomes  so  small  that  the  charge  spills  out  into  the  substrate. 
In  the  limiting  case  for  $ • 0,  we  obtain  from  Eq.  2.7 

Qn  max  Cox(VG  " VFB) 
but  since  VG  is  normally  much  larger  than  V^B, 


n max 


* "CoxVG 


(2.11) 


For  = 10  volts  and  d = 100  nm,  Q_  is  on  the  orc'er  of 
12  G ox  max 

2 x 10  electrons/cm  . The  magnitude  of  is  limited  by  either  the 
avalanche  breakdown  voltage  of  the  substrate  or  the  oxide  rupture  voltage, 
whichever  is  the  smaller. 
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2.2.  Basic  CCD  Structures 


CCD's  can  be  classified  as  surface  channel  charge-coupled  devices 
(SCCD's)  or  bulk  channel  charge-coupled  devices  (BCCD's)  depending  whether 
the  charge  is  transferred  at  the  Si  surface  or  within  the  bulk  of  the  Si 
substrate. 

2.2.1.  Surface  channel  charRe-coupled  devices  (SCCD's).  An  SCCD  in 
its  simplest  form  consists  of  a linear  array  of  MOS  capacitors  fabricated 
on  an  oxidized  p-Si  substrate  of  uniform  doping  as  shown  in  Fig.  2.1.  The 
hybrid  schematic  of  a single  stage  of  a three-phase  SCCD  is  shown  in  Fig. 

2.6  to  illustrate  the  process  of  charge  transfer.  The  capacitor  gates  are 
pulsed  sequentially  to  form  potential  wells  and  the  electrons  move  along 
the  surface  by  flowing  from  one  well  into  an  adjacent  well  which  is 
deeper,  i.e.,  it  has  a more  positive  gate  voltage.  The  wells  must  be  close- 
ly spaced  so  that  fringing  fields  from  gate  to  substrate  reduce  the 
potential  energy  between  the  wells  sufficiently  to  permit  electron  flow. 

In  Fig.  2.6a  a signal  charge  is  represented  as  being  in  the  potential  well 
under  the  first  electrode  while  the  other  two  electrodes  are  biased  to  a 
quiescent  point  just  beyond  threshold.  In  b,  the  potential  has  been  reduced 
on  the  first  well  while  the  potential  applied  to  the  second  electrode 
creates  a deep  potential  well  and  electrons  tend  to  flow  to  the  deeper  well. 
In  c,  the  charge  has  been  transferred  to  the  second  well  and  the  voltage 
on  the  first  electrode  has  been  reduced  to  its  quiescent  value.  The  charge 
has  made  one  complete  transfer  but  it  has  moved  only  one-third  of  a stage. 

It  is  to  be  noted  here  that  the  surface  potential,  or  the  depth  of  the  well 
depends  on  the  charge  present.  This  is  indicated  by  a reduction  of  the 
depth  of  the  second  well  from  b to  c as  the  charge  transfers.  It  is  to  be 
noted  in  b,  which  represents  the  conditions  during  transfer,  that  the  first 
well  is  shallower  on  the  left  than  on  the  right  because  of  the  different 
charge  densities.  This  creates  an  electric  field  along  the  surface  in 

•k 

Hereafter,  the  terms  Si  surface,  or  simply  surface,  will  refer  to  the 

Si/SK^  interface. 
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the  direction  to  aid  in  the  charge  transfer  where 

r = . I 
y q dy 


2.2.2.  Bulk  channel  charRe-coupled  devices  (BCCD's).  In  BCCD's  the 
potential  well  minima  occur  within  the  Si  bulk  so  that  the  mobile  electrons 
are  not  in  contact  with  the  Si/SiC^  interface.  This  tends  to  increase  the 
electron  mobility,  increase  £ by  creating  fringing  fields,  and  thus  dec- 
rease the  transfer  time,  as  discussed  later.  It  also  eliminates  trapping 
of  the  signal  electrons  at  the  interface  states.  BCCD's  are  also  referred 
to  as  "buried  channel  CCD's"  (12,13)  and  "peristaltic  CCD's"  (14).  Figure 
2.7  shows  three  common  structures  of  BCCD's.  As  shown  in  Fig.  2.7a,  one 

form  utilizes  a homogeneous  n-doped  epitaxial  layer  about  4-5  pm  thick  and 

14  -3 

a net  donor  concentration  on  the  order  of  7 x 10  cm  . To  increase  the 

charge  carrying  capabilities  the  donor  concentration  is  often  "profiled" 

such  that  the  maximum  donor  concentration  occurs  at  the  Si  interface.  This 

can  be  accomplished  by  ion  implantation  of  phosphorus  followed  by  a high 

temperature  drive-in  diffusion.  The  resultant  impurity  distribution  is 

approximately  Gaussian  with  a total  n-layer  thickness  on  the  order  of  4.5 

15  ~3  16  — 3 

to  5 pm  and  surface  donor  concentration  of  5 x 10  cm  to  2 x 10  cm 

(2,15-17).  This  requires  a phosphorus  implant  dose  of  approximately 
12  2 

1 x 10  ions/cm  . Alternately,  profiled  BCCD's  have  been  fabricated  as 

shown  in  Fig.  2.7c  using  an  n-doped  epitaxial  layer  with  a net  donor  concen- 

14  -3 

tration  on  the  order  of  3 x 10  cm  . The  surface  donor  density  is  increased 
by  ion  implantation  of  phosphorus  to  a depth  of  0.5  pm  using  a dose  of 
5 x 10^1  ions/cm^. 

Under  normal  operation,  BCCD's  require  a positive  voltage  applied  to 
the  n-regions  with  respect  to  gate  and  to  substrate  of  sufficient  magnitude 
to  completely  deplete  the  n-region.  Figure  2.8  shows  the  energy  band 
diagram  through  a gate  of  the  contoured  BCCD  of  Fig.  2.7b  without  bias  (a), 
with  bias  but  without  charge  (b)  and  with  bias  and  with  charge  (c) . With 
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the  addition  of  charge  in  the  well,  the  bottom  of  the  well  tends  to  flat- 
ten, resulting  in  a shift  of  the  charge  toward  the  surface.  It  is  noted 
that  the  electron  density  in  a BCCD  is  n = * 

Figure  2.9  shows  a calculated  typical  distribution  of  signal  charge 
in  a contoured  BCCD  for  different  sizes  of  charge  packets  (18).  In  this 
particular  device,  with  a junction  depth  of  2.2  pm,  the  initial  signal 
charge  packet  was  located  at  1.0  ym  from  the  interface  and  additional 
signal  charge  packets  fill  up  the  n-region  and  approach  the  oxide-silicon 
interface.  This  indicates  one  of  the  limiting  conditions  of  bulk  channel 
CCD's.  If  the  signal  charge  packet  becomes  too  large  and  signal  charge 
reaches  the  interface,  then  the  device  will  have  the  low  electron  mobility 
and  high  trapping  problem  of  a surface  channel  device.  This  is  the  reason 
for  the  smaller  signal  handling  capability  of  BCCD  versus  the  SCCD. 
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Net  Donor  Concentration 


Figure  2 
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.9.  Distribution  of  various  slsed  charts  packets  la  a contoured 
BCCD  for  a specific  (Gaussian)  donor  concentration  distri- 
bution (after  18) 
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2.3.  Transfer  Electrode  Structures 

As  Indicated  earlier,  a CCD  is  basically  an  analog  delay  line  in  which 
charge  is  transferred  along  a channel  created  by  pulsing  a series  of  trans- 
fer electrodes  with  properly  phased  voltages.  Many  transfer  schemes  have 
been  proposed  involving  one-to-four-phase  systems  with  a variety  of  elec- 
trode structures.  In  practice,  however,  two-phase  and  three-phase  systems 
are  used  predominantly.  It  should  be  noted  that  for  a p-phase  system, 
there  are  p storage  electrodes  per  unit  cell  or  elements,  and  p transfers  per 
unit  cell.  In  order  to  clock  signal  charges  through  the  cells  at  clock 

frequency  f , the  transfer  rate  between  individual  electrodes  must  be  pf 
c rc 

or  the  maximum  allowable  transfer  time  per  electrode  is  l/p£c. 

2.3.1.  Three-phase  systems.  Three- (or  more)-phase  systems  are  required 
to  control  the  direction  of  charge-transfer  if  simple  symmetrical  electrodes 
are  used.  While  one  potential  well  is  being  emptied  of  charge,  another  is 
receiving  the  charge  and  a third  is  blocking  the  backward  flow  of  charge. 

The  three-phase  (3<J>)  structure  of  Fig.  2.6  is  used  as  an  example  in  Fig. 

2.10  (19,9).  To  be  specific,  we  assume  the  three  clock  pulses  vary  from  a 
rest  voltage  to  a more  positive  V as  shown  in  Fig.  2,10e,  where  the 
negative  of  the  clock  voltages  is  plotted  as  a function  of  time  (to  agree 
with  the  sign  of  the  potential  energy).  The  potential  energy  wells  for 
electrons  underneath  the  electrodes  are  shown  in  a,  b,  c and  d respectively 
for  times  t^,  t2»  and  t^  of  the  clock  input.  At  t^,  only  ^ is  energized 
and  so  potential  wells  exist  only  under  gates.  To  emphasize  that  this  is 
an  analog  device,  we  assume  that  the  two  potential  wells  under  the  ^ elec- 
trodes are  occupied  with  different  quantities  of  charge  as  shown  in  a.  Note 
that  the  depth  of  the  veil  depends  on  its  quantity  of  charge  as  well  as 
on  Vg.  At  tj,  both  and  4>2  are  energized  and  the  charge  is  divided  as 
shown  in  b.  At  t^,  the  voltage  on  <f>^  is  reduced.  This  reduces  the  depth  of 

the  well' and"  the  electron*  transfer  to  the  $2  *rell  as  shown  in  c.  At  t^, 

the  clocks  have  completed  one-third  of  a cycle.  Only  $2  is  energized  and 

one  transfer  is  completed.  Three  such  transfers  are  required  to  move  the 
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charge  packets  by  one  cell-spacing. 

The  gaps  between  the  gate  electrodes  above  can  cause  problems.  If  the 
gap  spacing  is  too  large,  fringing  is  not  effective  in  creating  a well  in 
the  gap  region  and  a potential  barrier  exists  there  which  prevents  com- 
plete transfer.  Further,  the  ambient  conditions  can  affect  the  electro- 
static charge  on  the  outer  oxide  surface  in  the  gap  region  which  in  turn 
can  affect  the  potential  energy  in  the  Si  beneath  the  gap  and  thus  the 
transfer  of  charge.  Detailed  calculations  have  been  made  (20,21)  relating 
the  gap  size'  allowed  for  complete  transfer  to  substrate  doping,  oxide 
thickness  and  electrode  potentials.  For  BCCD's,  it  has  been  shown  (12,22) 
that  potential  wells  occur  under  the  gaps.  These  wells  can  hold  signal 
charge  and  thus  prevent  complete  charge  transfer. 

Using  standard  photolithographic  techniques  the  minimum  electrode 
spacings  are  on  the  order  of  2.5  - 3 pm.  Several  methods  have  been 
developed  to  minimize  the  gap  size  problem.  Sub-micron  spacings  have  been 
achieved  with  consistent  dimensional  tolerance  by  the  shadow  etch  technique 
(23)  as  illustrated  in  Fig.  2.11.  Alternate  electrodes  are  first  defined 
by  standard  photolithographic  techniques  except  that  the  A1  gates  are 
overetched  slightly  to  produce  a small  photoresist  overhang  as  shown  in  a. 

A second  metalization  is  then  made  over  the  entire  structure  as  shown  in 
b and  the  photoresist  is  removed,  "lifting  off"  the  metal  on  top  of  the 
resist.  The  resultant  electrode  gaps  are  the  size  of  the  aluminum  undercut 
as  shown  in  Fig.  2.11c. 

A second  technique  uses  conventionally  sized  gaps  but  utilizes  two 
ion  implants  in  the  gap  region  to  form  buried  channels  between  wells  and 
thus  reduces  the  sensitivity  to  gap  size  and  oxide  charge  (24) . These 
channels  are  formed  by  implanting  n-type  impurities  about  0.4  pm  into  the 
p-type  substrate  followed  by  a shallow  p-type  implant  to  prevent  an  inversion 
layer  from  forming  at  the  surface.  This  structure  is  shown  in  Fig.  2.12. 

A third  technique,  called  the  conductive  channel  technique,  uses 
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Illustration  of  the  shadow  etch  teclmique  to  produce  sub 
micrometer  electrode  gaps  (see  Text) 


Figure  2.12.  A buried  n channel  is  used  to  couple  potential  wells  and 
reduce  the  gap  problem  (after  24) 
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undoped  polyslllcon  as  a high  resistivity  dielectric  in  the  gap  regions 
to  eliminate  the  effects  of  static  charge  on  the  oxide  and  to  minimize 
potential  energy  barriers  between  adjacent  wells  by  grading  the  potential 
between  wells  (20).  In  one  variation  of  this  method  (25),  undoped  poly- 
silicon is  deposited  over  the  electrode  and  gap  regions.  The  electrodes 
are  then  defined  by  selective  doping  of  the  polysilicon  (Fig.  2.13a).  In 
another  variation  (26),  a thin  (50  nm)  undoped  polysilicon  layer  is  deposit 
ed  over  the  entire  channel  region  and  metal  electrodes  are  located  on  this 
layer  (Fig.  >2. 13b).  One  problem  with  this  system  is  the  difficulty  in 
maintaining  adequate  resistivity  in  the  polyslllcon  layer.  If  the  resis- 
tivity is  too  low,  the  power  dissipation  is  increased  due  to  leakage  bet- 
ween clock  lines.  If  the  resistivity  is  too  high,  the  potential  in  the  gap 
lags  behind  that  of  the  clock  lines  and  thus  reduces  the  effectiveness  of 
this  system. 

In  addition  to  the  single  level  three-phase  techniques  described, 
multilevel  systems  with  overlapping  electrodes  can  be  used  to  eliminate 
gap  size  and  gap  oxide  protection  problems.  One  such  3— d>  system  (27)  uses 
three  levels  of  overlapping  doped  polysilicon  as  shown  In  Fig.  2.14.  Three 
different  polysilicon  deposition  and  doping  operations  produce  the  three 
sets  of  electrodes.  This  structure  can  be  very  compact  since  gaps  are 
effectively  eliminated.  Utilization  of  thermally  oxidized  polysilicon  as 
the  electrode  insulators  minimizes  the  problem  of  interelectrode  shorts. 

Three-phase  systems  were  the  first  to  be  developed  and  were  used 
extensively  in  early  CCD's.  However,  due  to  problems  associated  with  cross- 
overs required  in  a three  phase  system,  large  cell  space  requirements,  and 
clock  phasing  restrictions,  the  majority  of  conmercially  available  CCD's 
now  utilize  two-phase  systems. 


The  term  "undoped"  indicates  that  the  material  is  not  intentionally  doped 
and  is  of  high  resistivity. 

** 

The  term  "polysilicon",  Poly-Si"  or  simply  "poly"  is  used  for  "poly- 
crystalline silicon". 
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Figure  2.13.  Conductive  channel  techniques  a)  using  undoped  poly-Si 
between  doped  poly-Si  electrodes  and  b)  between  metal 
electrodes  and  SiO^ 


Figure  2.14.  System  using  overlapping  doped  polysilicon  gates.  A layer 
of  is  often  used  as  shown  to  protect  the  initial 

gate  oxide  from  the  influence  of  further  processing 


2.3.2.  Two-phase/ four-phase  systems.  There  exists  some  disagreement 
in  the  literature  in  the  distinction  between  two-phase  and  four-phase  sys- 
tems. In  this  report  we  define  the  number  of  phases  as  being  equal  to  the 
number  of  storage  electrodes  per  cell.  A CCD  may  have  four  electrodes  per 
cell,  but  if  two  electrodes  are  storage  electrodes  and  two  are  transfer 
electrodes,  the  device  is  considered  to  be  a two-phase  CCD. 

Three  variations  of  the  four  electrode  structure  are  shown  in  Fig.  2.15. 
If  the  four  electrodes  per  cell  are  energized  by  clock  pulses  90°  out  of 

i 

phase  the  devices  act  as  4~4  CCD's. 

The  first  design  of  this  structure  (8,28)  is  shown  in  Fig.  2.15a.  It 
contains  two  levels  of  overlapping  electrodes  which  are  dielectrically 
isolated  by  100  nm  of  deposited  SiO^.  A similar  design  using  polysilicon 
for  the  lower  electrodes  and  aluminum  for  the  upper  overlapping  electrodes 
(29-33)  is  shown  in  Fig.  2.15b.  Because  of  the  integrity  of  the  thermal 
oxide  grown  on  polysilicon,  the  system  is  very  reliable  and  its  fabrication 
is  consistent  with  current  MOS  processing  procedures.  A third  version  of 
this  structure  is  shown  in  Fig.  2.15c,  It  uses  aluminum  gates  With  A^O^ 
insulation  between  adjacent  gates.  Alternate  A1  gates  are  first  defined. 
These  are  then  anodized.  Because  the  Al^O^  thus  formed  is  a good  insulator, 
the  second  aluminum  film  is  deposited  and  patterned  into  overlapping  elec- 
trodes as  shown.  A fourth  configuration  (not  illustrated)  can  be  made  by 
modifying  the  three-phase  polysilicon  gate  scheme  previously  described  to 
obtain  a four-electrode  system.  Two  polysilicon  depositions  and  two  oxida- 
tions are  required. 

The  above  four-element  structures  can  be  operated  as  2-4  CCD's  if 
assymetry  is  built  into  the  system  so  that  alternate  electrodes  are  used 
as  storage  elements  while  the  remaining  electrodes  are  used  to  transfer 
charge  from  one  storage  element  to  another.  Consider  a 2-4  clock  whose 
lines  are  connected  to  the  storage  elements  4^  and  43  and  a fixed  voltage 
is  applied  between  each  storage  electrode  and  its  "upstream"  transfer 
electrode.  If  4^  and  <J > ^ are  made  negative  with  respect  to  4^  and  4^ 
respectively,  a longitudinal  potential  gradient  will  be  set  up  at  the  Si 


surface  and  charge  will  be  transferred  from  left  to  right  in  the  systems 
of  Fig.  2.15. 

This  same  asymmetry  can  be  established  by  other  means  such  that  only 
two  clock  lines  are  required,  thus  resulting  in  savings  in  clocking  com- 
plexity. In  many  of  these  schemes  only  two  electrodes  are  used  per  cel1 
thus  reducing  total  area  substantially.  In  other  cases  four  electrodes  are 
used  per  cell  but  associated  transfer  and  storage  electrodes  are  electrically 
connected  together.  In  either  case,  the  depth  of  the  storage  well  is 
greater  than  that  of  the  transfer  well.  The  most  commonly  used  technique 
to  accomplish  this  is  the  stepped-oxide  approach.  In  a SCCD,  the  oxide 
thickness  under  the  transfer  portion  of  the  electrode  is  greater  than  that 
under  the  storage  section.  In  a BCCD,  because  the  surface  field  is  of 
opposite  polarity  to  that  of  a SCCD,  the  deepest  potential  well  is  under  the 
region  with  the  thicker  oxide,  and  thus  the  reverse  structure  is  used  (15). 
Alternately,  or  in  combination  with  the  stepped-oxide  approach,  different 

gate  materials  can  be  used  for  transfer  and  for  storage,  the  transfer  gate 

* 

then  must  have  a smaller  work  function  than  the  storage  gate  , An  example 
of  this  approach  is  shown  in  Fig.  2.16  in  which  storage  gates  are  made  of 
polysilicon cand  transfer  gates  are  of  aluminum  (30,34,35).  This  is  fabri- 
cated by  growing  the  initial  gate  oxide,  depositing  polysilicon  and  pattern- 
ing the  storage  electrodes,  oxidizing  the  structure  (including  the  poly- 
silicon), and  depositing  and  patterning  the  transfer  electrodes.  Associated 
transfer  and  storage  electrodes  are  electrically  connected  on  the  chip. 

The  work  function  of  the  A1  (3.2  eV)  is  less  than  that  of  polysilicon 
(about  4.5  eV,  depending  on  doping)  and  thus  the  work  function  difference 
aids  the  stepped-oxide  in  creating  the  asymmetry  If  additional  asymmetry 
is  desired,  the  depth  of  the  potential  well  can  be  reduced  in  the  transfer 
regions  by  ion  implantation  of  p-type  impurities  after  the  polysilicon 
patterning  (34). 

* 

For  an  n-channel  device.  The  opposite  is  true  for  a p-channel  device. 


Figure  2.16.  Two-phase  CCD  in  which  asymmetry  is  obtained  by  different 
oxide  thicknesses  and  different  work  functions  of  transfer 
and  storage  gate.  An  optional  ion  implant  is  also  often 
used  to  increase  asymmetry.  The  voltage  on  <p 2 is  more 
positive  than  on  (j). . 


A second  method  of  forming  the  oxide  step  consists  of  growing  an  ini- 
tial oxide,  selectively  etching  the  oxide  in  the  storage  regions,  and 
continuing  the  oxide  growth.  Metal  is  then  deposited  at  an  oblique  angle  so 
that  adjacent  gates  are  electrically  isolated  as  shown  in  Fig.  2.17  (36,37). 
In  this  method,  only  one  metalization  and  no  photoresist  patterning  is 
required  for  metalization. 

A third  variation  of  the  stepped  oxide  structure  (38,39)  is  shown  in 
Fig.  2.18.  A thick  oxide  (^  350  nm)  is  first  grown  followed  by  a thin 
deposited  (^  100  nm)  layer  of  AljO^.  and  a deposited  layer  of  200  nm) 
of  Si02  (to  facilitate  photolithography) . The  transfer  gates  are  then 
defined  by  selectively  etching  the  Al^O^*  the  photoresist  is  removed  and 
the  exposed  Si02  is  etched  to  a thickness  of  about  100  nm  in  the  storage 
regions.  During  this  process,  the  A^O^  over  the  thick  oxide  is  undercut 
about  250  nm.  About  50  nm  of  A^O^  is  then  deposited  over  the  entire 
structure  to  seal  the  gate  oxide.  Because  of  this  overhang,  the  metali- 
zation (Ti/Pd)  is  discontinuous  as  shown.  Alternately,  a similar  overhang 
can  be  produced  by  etching  a moat  into  a thick  oxide  covered  silicon  sub- 
strate and  then  regrowing  the  thin  gate  oxide  (40) . The  thick  oxide  over- 
hang produces  the  metal  discontinuity. 

A minimum  geometry  CCD,  called  the  offset  gate  CCD  (41-43)  is  shown 
in  Fig.  2.19.  This  structure  uses  minimum  line  widths  of  Si^N^.,  poly- 
silicon and  metal.  The  Si  is  first  oxidized  to  protect  it  from  the  Si^N^ 
which  is  then  deposited  and  patterned  into  strips.  Polysilicon  is  then 
deposited  and  patterned  to  overlap  part  of  the  Si^N^.  The  structure  is 
then  oxidized,  the  unprotected  Si^Nj,  is  etched  away  and  metal  electrodes 
are  deposited. 

Another  variation  of  the  thin/thick  dielectric  technique  is  the  VMOS 
conductively  coupled  CCD  (44)  shown  in  Fig.  2.20.  Using  anisotropic  etching 
techniques,  V's  are  etched  in  the  Si.  The  Si  is  then  oxidized,  and  since  the 
oxide  grows  fastest  at  the  bottom  of  the  groove,  the  oxide  is  thicker  here. 
The  conductive  coupling  between  gates  is  made  by  ion  implantation. 
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Ion  implantation  has  been  used  to  create  two-phas6  unidirectional 

devices  (45-48)  as  shown  in  Fig.  2.21,  P-type  ions  are  implanted  near  the 

upstream  end  of  the  electrode  to  increase  the  net  doping  there,  and  thus 

reducing  the  depth  of  the  potential  well  and  creating  a potential  energy 

12 

barrier.  A dose  of  1.5  x 10  boron  ions  is  sufficient  to  reduce  the  empty 
well  depth  by  as  much  as  7 electron  volts  in  comparison  to  the  nonimplanted 
region  (45).  Implanted  barriers  have  advantages  over  stepped  oxide  techniques 
since  high  potential  differences  are  more  easily  obtained  and  the  barrier 
heights  are  less  affected  by  the  applied  electrode  voltage. 

Surface  potential  can  also  be  modified  in  MNOS  techniques  (49)  by  the 
presence  of  immobile  charge  in  trapping  centers  at  the  5102/51^^  inter- 
face or  in  the  Si.^  layer  as  shown  in  Fig.  2.22  where  positive  trapped 
charge  is  used  with  n-type  Si  substrates. 

There  are  several  design  considerations  for  a unidirectional  two-phase 
CCD  system.  Since  part  of  the  electrode  is  used  solely  for  generating  a 
potential  barrier,  it  is  desirable  to  minimize  this  length  to  increase  the 
size  and  charge  handling  capabilities  of  the  storage  section  of  the  elec- 
trode. This  length  must  be  large  enough,  however,  to  minimize  barrier- 
height  depression  by  fringing  field  effects.  The  potential  barrier  must  not 
extend  into  the  gap  region  between  the  electrodes  since  it  would  create  an 
uncontrolled  barrier  that  would  impede  charge  transfer.  However,  if  the 
barrier  is  located  too  far  from  the  up-stream  edge  of  the  electrode,  charge 
will  be  trapped  behind  the  barrier  (see  Fig.  2.22)  which  gives  rise  to  in- 
complete charge  transfer  and  noise.  Finally,  since  the  barrier  height  in 
this  system  is  not  as  great  as  the  transfer  electrode-storage  electrode 
system,  an  excessive  signal  charge  will  be  lost  over  the  barrier  so  that 
the  signal  handling  is  somewhat  limited. 

A system  of  conductive  connections  between  electrodes  has  been  devised 
(47,48,50)  which  reduces  the  cell  size,  relaxes  the  alignment  requirements 
and  avoids  gap  problems.  An  n-type  ion  implant  placed  between  the  electrodes 
forms  a conductive  bridge  through  the  gaps.  The  resulting  device  is  known 
as  the  conductively  connected  CCD  or  C4D.  This  method  can  be  used  with  ion 
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implanted  barriers  (47)  where  the  restriction  on  the  location  of  the 
barrier  implant  is  relaxed  since  the  effects  of  any  barrier  implant  not 
covered  by  the  electrode  is  compensated  by  the  conductive  connection  im- 
plant. This  technique  has  also  been  used  in  stepped  oxide  devices  (50). 

2.3.3.  One-phase  systems.  Any  two-phase  system  can  be  operated  as  a 
one-phase  system  if  one  set  of  electrodes  is  connected  to  a fixed  bias  and 
the  other  set  is  pulsed  positive  and  negative  with  respect  to  this  fixed 
level  (51,52).  Using  combinations  of  thin/thick  oxides  and  multiple  ion 
implants,  systems  requiring  only  single  metalizations  have  been  devised  (53). 
MNOS  methods  can  be  used  to  create  two  accumulation  trapping  regions  which 
give  a three-step  surface  potential  profile  (54) . While  one-phase  systems 
are  attractive  from  an  operating  standpoint,  numerous  processing  steps  are 
required,  and  tight  tolerances  must  be  kept  on  ion  implants  and  on  MNOS 
processing  and  electrode  location.  Furthermore,  signal  handling  capacity 
is  low.  Thus,  one-phase  CCD's  are  not  in  common  usage. 
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2.4.  Lateral  Confinement 
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Various  electrode  structures  which  produce  unidirectional  signal 

charge  flow  along  the  oxide-silicon  interface  or  in  the  bulk  have  been 

discussed.  However,  an  important  problem  concerns  the  confinement  of  the 

signal  charge  within  the  channel  region  so  that  it  is  not  lost  from  the 

lateral  edges  of  the  channel.  This  problem  is  most  severe  for  i.  channel 

(p-type  substrate)  devices  made  on  {100}  material  since  this  material  has 

9 -2 

a very  low  interface  state  density  (v  10  cm  ) . It  is  less  severe  for 
{111}  n-type  material  which  has  an  interface  density  of  lO^-lO^cm 

There  are  three  basic  methods  that  are  currently  utilized  to  obtain 
confinement  (30) . 

Thick  field  oxides  (1-2  pm)  are  commonly  used  for  {111}  n-type  mater- 
ial where  the  field  threshold  voltage  can  be  on  the  order  of  20  volts. 

This  scheme  is  not  satisfactory  for  CCD’s  made  on  {100}  Si  because  to 
obtain  field  threshold  voltages  compatible  with  normal  clock  voltages,  the 
oxides  required  are  too  thick  to  permit  precise  photoresist  patterning. 

Ion  implantation  is  often  used  to  increase  the  surface  impunity  concen- 
trations in  the  field  region  so  that  field  oxides  on  the  order  of  1 pm 
can  be  used  (see  Fig.  2.23a).  The  ions  are  implanted  just  before  the  field 
oxidation. 

A second  approach  to  lateral  channel  confinement  is  the  use  of  a 

channel  stop  diffusion  as  shown  in  Fig.  2.23b.  The  channel  stop  diffusion 

clamps  the  surface  potential  and  thus  precisely  defines  the  extent  of  the 

19  -3 

channel.  This  diffusion  should  have  about  a 10  cm  surface  concentration 
and  should  be  shallow.  Use  of  a diffused  channel  stop  requires  additional 
masking  and  process  steps  but  eliminates  the  need  for  extremely  thick  field 
oxides . 

A third  approach  is  the  use  of  an  electrostatic  field  shield  as  shown 
in  Fig.  2.23c.  Normally  the  field  region  is  covered  by  a relatively  thin 
field  oxide  on  which  a doped  polysilicon  layer  is  deposited.  The  poly- 
silicon is  then  oxidized  and  may  be  covered  with  other  dielectrics.  With 

\ 

52 


f 

i 


-t 


Lateral  channel  confinement  techniques.  In  a,  the 
threshold  voltage  is  increased  by  use  of  a thick 
field  oxide  outside  of  the  channel  region.  An  addi- 
tional implant  (shown)  is  optional.  In  b,  a P+  dif- 
fused channel  stop  is  used.  A polysilicon  field  shield 
is  shown  in  c. 


proper  biasing  of  the  polysilicon  layer,  a strong  accumulation  region 
forms  on  the  silicon  surface  preventing  channeling.  With  its  increased 
processing,  layout  restrictions  and  biasing  requirements,  this  technique 
has  had  limited  utilization  to  date,  although  it  is  becoming  increasingly 
popular.  Figure  2.24  shows  calculated  potential  variations  at  the  channel 
conf inement /channel  interface  for  diffused  and  thick  field  channel  confine- 
ment. For  the  nonplanar,  nonimplanted  thick  field  oxides  and  high  resis- 
tivity substrates  which  are  commonly  used  in  CCD  work,  the  edge  of  the 
channel  becomes  poorly  defined. 


2.5.  Input-Output  Structures 


In  CCD's,  information  is  transmitted  and  processed  in  forms  of  packets 
of  signal  charge.  In  a useful  device,  the  charge  packets  must  be  generated 
in  such  a manner  as  to  have  some  functional  relationship  with  the  input 
signal,  whether  it  be  electrical  or  optical  in  nature.  Similarly,  the  out- 
put signal  must  bear  some  functional  relation  to  the  detected  charge 
packet.  In  digital  systems,  the  input  and  output  structures  can  be  quite 

l 

simple  since  any  charge  greater  than  a set  quantity  is  generally  considered 
a 'ONE'  and  less  charge  is  considered  a 'ZERO'.  However,  for  imagers  and 
analog  circuits,  the  input -output  methods  must  be  very  exact  in  order  to 
retain  all  information  but  not  generate  noise  or  decrease  the  signal-to- 
noise  (S/N)  ratio.  The  functional  relationship  of  the  input  and  output 
circuitry  is  limited  only  to  the  condition  that  the  input  function  is  the 
inverse  of  the  output  function.  However,  for  most  devices,  a linear  rela- 
tionship between  the  input  and  output  voltages  and  the  size  of  the  charge 
packet  is  desirable  for  simplicity. 

2.5.1.  Input  methods.  In  the  earliest  CCD  work,  minority  charge 
carriers  were  generated  by  driving  one  electrode  into  avalanche  breakdown 
and  they  were  collected  under  the  adjacent  electrode  (5).  This  method, 
however,  is  highly  nonlinear  and  is  not  used  currently. 

Various  methods  have  been  developed  to  obtain  a linear  input.  One 
input  arrangement  which  has  been  used  contains  an  input  diode,  one  input 
transfer  gate,  and  one  storage  electrode  (55-57)  as  shown  in  Fig.  2.25. 

The  input  diode,  ID,  consists  of  an  n-type  surface  region  in  the  p-type 
substrate  which  acts  as  a source  of  electrons  for  the  channel.  The  input 
transfer  gate,  IG,  controls  the  charge  flow  from  the  input  diode  to  the 
potential  well  under  the  storage  electrode,  P2. 

The  charge  available  for  injection  past  the  transfer  gate  depends  on 
the  signal  voltage  of  the  input  diode.  In  Fig.  2.25a  the  input  gate  is 
kept  at  a constant  potential  so  that  the  magnitude  of  the  charge  packet 
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Cc)  Potential  equilibration  method  using  pulsed  metering  diode 
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(d)  Improved  potential  equilibration  method 


Figure  2.25.  Various  arrangements  for  charge  injection  into  a 
CCD  (after  56). 
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depends  on  the  injection  time  and  on  the  threshold  voltage  of  the  input 
gate.  In  Fig.  2.25b,  the  situation  is  somewhat  improved  in  that  the  input 
gate  is  closed  just  before  the  transfer  from  electrode  P2  to  electrode 
P3  takes  place.  However,  the  input  gate  cannot  close  instantaneously  so 
that  the  undefined  partitioning  of  charge  residing  under  the  input  gate 
leads  to  nonlinearities  and  noise.  In  Fig.  2.25c,  the  input  signal  is 
applied  to  the  input  gate.  The  input  diode  is  pulsed  from  high  reverse 
bias  to  a low  potential  at  which  time  charge  is  injected  into  P2.  When 
the  diode  re'turns  to  high  reverse  bias,  the  excess  charge  in  P2  drains 
off  into  the  diode  depletion  region  until  the  potential  of  P2  is  in  equi- 
librium with  the  potential  of  the  input  gate,  IG.  This  method  is  called 
the  potential  equilibration  method  and  has  had  widespread  usage,  although 
the  random  fluctuations  of  the  voltages  of  the  clock  pulses  affect  the 
charge  packet  directly. 

To  eliminate  clock  pulse  noise,  a second  input  gate  electrode  is  .Intro- 
duced (Fig.  2.25d).  Two  different  arrangements  have  been  tested:  (1)  V = 

G Z 

fixed  or  pulsed  and  = signal,  or  (2)  V ^ = fixed  and  = signal. 

Fig.  2.26  illustrates  the  input  characteristics  and  the  harmonic  content 
in  each  case  (58,59).  It  is  seen  that  method  (2)  generates  smaller  second 
and  third  harmonic  components  than  method  (1).  Other  possible  combinations 
of  this  two- input  gate  structure  have  been  analyzed  (60) . One  design 
limitation  of  this  structure  is  that  the  voltage  on  G2  must  not  exceed  50% 
of  the  clock  voltage  amplitude  so  that  all  charge  retained  under  G2  during 
the  injection  process  will  empty  into  the  potential  well  under  the  next 
electrode  when  P3  is  clocked  positive.  The  maximum  signal  charge  is  thus 
reduced  by  50%.  To  compensate,  G2  and  the  following  two  electrode  areas 
must  be  increased  by  a factor  of  2 in  order  to  handle  a full  sized  charge 
packet.  Another  variation  of  this  two  input  gate  structure  uses  feedback 
to  an  input  of  a differential  amplifier  (61)  to  achieve  linearization. 

One  problem  existing  with  all  described  input  methods  is  the  sensi- 
tivity of  device  response  to  variations  in  threshold  voltage.  This 
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sensitivity  is  caused  by  slight  differences  in  the  threshold  voltages  of 
two  adjacent  electrodes  (e.g.  G1  and  G2  of  Fig.  2.25d),  Threshold  voltages 
may  vary  if  dielectric  thicknesses  and  processes  vary.  This  is  particular- 
ly important  for  multiple  inputs  which  are  physically  separated  from  each 
other.  One  method  (62)  which  reduces  the  threshold  voltage  sensitivity 
also  controls  the  injected  charge  by  sequential  application  of  different 
voltage  levels  to  the  same  electrode.  Fig.  2.27  illustrates  the  basic 
concept.  The  signal  voltage,  vsig«  is  first  applied  to  the  gate  of  Tj 
allowing  excess  charge  to  flow  into  the  region  of  the  floating  diffusion 
such  that  the  charge  is  equal  to  (vsig  “ when  VT  *s  the  threshold 

voltage  of  T and  C'  is  the  capacitance  of  the  floating  diffusion.  The 
input  gate  is  then  opened  and  V is  applied  to  the  gate  of  T^.  Charge 
flows  into  the  CCD  until  the  voltage  on  CpD  has  risen  to  V ^ - V^.  Thus, 

«in  • (Vref  - VCFD  - <\lg  - VCro 
or 


’ <Vf 


V,ig>Cro 


On  a 10  input  multiplexer  circuit,  the  fixed  pattern  noise  was  reported  to 
be  reduced  by  an  order  of  magnitude  by  the  use  of  this  scheme. 

2.5.2.  Detection  methods.  There  are  three  basic  methods  of  charge 
detection  which  have  been  used  extensively.  In  an  early  CCD  demonstration 
(5),  the  electrode  containing  the  charge  packet  was  biased  into  accumula- 
tion and  the  charge  was  dumped  into  the  substrate.  Substrate  current  was 
then  sensed  as  the  output  signal.  This  method,  however,  permits  only  one 
packet  to  be  dumped  at  a time.  In  addition,  the  time  between  dumps  depends 
on  the  recombination  rate.  Large  CID  imagers  (63)  have  employed  this 
method  using  epitaxial  material  for  the  active  region  and  with  reverse 
bias  on  the  substrate  junction  to  increase  the  recombination  rate. 

The  second  detection  method  employs  an  output  diode.  The  diode  is 
biased  more  positively  than  the  maximum  surface  potential  located  under 
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Figure  2.27 . Input  circuit  with  reduced  threshold  voltage  sensitivity: 
a)  schematic  diagram,  b)  circuit  layout  and  c)  operating 
waveforms  (after  62) . 


the  last  (or  output)  electrode  so  that  the  signal  charge  will  be  dumped 
into  the  depletion  region  of  the  diode.  Initially,  various  off-chip  detector 
amplifier  circuits  were  used.  In  one,  the  output  diode  was  connected  to  a 
constant  voltage  source  via  a 1 Mft  resistor  with  a gated  integrator  to 
record  the  current  flow  (64).  This  elementary  system  was  improved  by  using 
current  feedback  on  a current  sensitive  preamplifier  thus  creating  a low 
impedance  input.  The  voltage  on  the  diode  thus  remains  relatively  constant. 
By  using  a low  pass  filter  to  eliminate  noise  and  harmonics  of  the  signal, 
good  linearity  can  be  achieved  with  this  system. 

To  eliminate  losses  and  parasitic  capacitances,  on-chip  MOSFET  sense 
amplifiers  and  reset  circuitry  have  been  developed  (30-32,65)  as  shown  in 
Fig.  2.28.  In  this  case,  the  detector  is  a diffused  region  under  G-3 
which  is  connected  to  the  gate  of  a MOSFET  amplifier.  During  the  <f>-2  cycle, 
this  diffused  region  is  reset  to  the  voltage  on  D-l  by  gating  G-4  on  and 
then  is  electrically  isolated  by  gating  G-4  off.  The  signal  charge  is  then 
dropped  into  the  floating  diffusion  region  during  the  4>— 1 cycle.  The 
resultant  potential  of  this  floating  diffusion  is  transferred  to  the  gate 
of  a MOSFET  where  it  is  amplified.  Output  voltages  of  up  to  10  volts  and 
frequency  response  up  to  10  MHz  have  been  reported  using  this  device. 

Another  way  of  sensing  the  signal  using  this  structure  is  to  monitor  the 
voltage  of  electrode  G-3  each  time  it  contains  the  signal  charge  packet. 

These  detection  systems  are  susceptible  to  noise  during  the  reset 
cycle.  A correlated  double  sampling  system  (66,67)  has  been  developed  to 
eliminate  this  reset  noise. 

A third  detection  system  uses  a floating  gate  above  the  channel  which 
senses  the  size  of  the  charge  packet  by  its  image  charge  on  the  gate 
(8,28,68-74).  When  the  charge  packet  is  transferred  to  the  well  under  the 
floating  gate,  the  potential  on  the  floating  gate  decreases  as 
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To  maximize  the  output  voltage  of  the  floating  gate,  the  capacitance  must 
be  minimized.  This  is  done  by  minimizing  its  area  consistent  with  adequate 
charge  handling  capability,  using  as  large  a substrate  resistivity  as  per- 
mitted by  other  considerations,  using  a thick  oxide  between  the  floating 
gate  and  the  biasing  electrode,  and  by  minimizing  parasitic  capacitance. 

If  the  floating  gate  is  the  final  detector  in  a CCD  shift  register, 
some  method  to  dump  the  charge  packet  after  sampling  is  needed.  This  is 
accomplished  by  either  biasing  the  floating  gate  into  accumulation  and 
dumping  the  charge  into  the  substrate  or  by  shifting  the  charge  into  a 
reverse  biased  diode.  A properly  designed  floating  gate  detector  has  very 
high  sensitivity  5pV)  and  very  low  noise.  The  output  of  the  floatii  g 
gate  detector  has  been  shown  to  be  linear  with  respect  to  the  number  of 
electrons  in  the  charge  packet  over  six  decades.  Since  the  charge  packets 
under  the  floating  gate  are  not  disturbed  while  being  monitored,  it  is 
possible  to  read  the  charge  packets  several  times  as  they  pass  down  a 
register.  This  is  shown  in  Fig.  2.29  for  a 12-stage  distributed  floating 
gate  amplifier  (DFGA)  (72,75).  The  charge  amplifiers  use  floating  gates 
on  the  input  register  to  control  charge  into  the  output  register.  As  a 
signal  charge  moves  down  the  input  register  it  is  periodically  sampled  by 
the  charge  amplifiers,  and  a charge  proportional  to  that  sampled  is  in- 
jected into  the  output  register.  The  output  register  is  clocked  in  phase 
with  the  input  register  so  that  each  time  a given  packet  is  sampled,  the 

corresponding  charge  is  injected  into  the  same  packet  in  the  output 
* 

register  . The  output  charge  is  then  clocked  out  of  the  output  register  by 
a floating  gate  output  amplifier. 

Theoretically,  the  S/N  ratio  should  improve  as  the  square  root  of  the 
number  of  stages  of  the  DFGA.  The  rms  noise  has  been  measured  at  approx- 
imately 10-20  electrons  with  a bandwidth  of  3 MHz.  The  minimum  acceptable 


Actually,  the  charge  amplifiers  act  as  inverters. 


SISrHjOOODDIjjO 


FLOATING'''  V 
GATE  _ I 


INPUT  REGISTER 

- - D|[]Q DHL 

a«?0 


OUTPUT  REGISTER 


SINK 

DIODES 


OUTPUT 

AMPL. 


(a)  Schematic  Diagram 


DFGA 

OUTPUT 


DE- 


CONTROL 


OUTPUT 

REGISTER 


' lii  5 


CONTROL 
GATE  OFF 


CONTROL 
GATE  ON 


(b)  Charge  Amplifier  Operation 

Figure  2.29.  Twelve-Stage  floating  gate  amplifier  (after  72). 
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detectable  input  signal  is  approximately  300  electrons  and  saturates  at 
about  105  electrons.  Thus,  for  small  charge  packets,  such  as  imagers,  this 
amplifier  can  improve  the  dynamic  range  and  minimize  noise  in  charge 
detection. 


2.6.  Regeneration  Systems 

Ideally,  one  would  like  to  use  long  arrays  of  CCD's  for  memory,  and 
other  applications  without  the  use  of  additional  circuitry.  But,  because 
of  transfer  inefficiency  and  dark  currents  (discussed  in  Chapter  3),  the 
information  contained  in  each  charge  packet  degrades  as  it  moves  through 
the  CCD.  Thus,  after  a certain  number  of  transfers  and/or  time  has  elapsed, 
it  is  necessary  to  refresh  or  regenerate  the  charge  packet  to  its  original 
state. 

The  number  of  complete  cell  transfers  attainable  depends  inversely 
on  the  number  of  transfers  required  per  cell.  This  consideration  forms  an 
upper  bound  on  the  number  of  cells  between  regeneration  circuits.  The 
electrons  thermally  generated  in  the  register,  or  dark  current,  create 
noise.  The  noise  is  then  increased  as  the  time  between  regeneration  in- 
creases. As  a result,  the  number  of  cells  permitted  between  regeneration 
circuits  varies  directly  with  the  operating  or  clock  frequency. 

The  requirements  for  regeneration  circuits  are  not  particularly  severe 
for  digital  CCD's  where  only  the  presence  of  a zero  or  a one  need  be 
detected  and  regenerated.  Analog  CCD's,  and  multilevel  digital  CCD's,  how- 
ever, require  good  linearity  and  stability  in  the  regeneration  circuits. 

To  date,  little  work  has  been  done  on  the  development  of  analog  regeneration 
circuits.  Fortunately,  many  analog  circuits  such  as  delay  lines,  correlators, 
and  transversal  filters,  can  be  designed  with  relatively  few  (less  than  300) 
stages  and  do  not  require  signal  regeneration.  In  imagers,  some  work  has 
been  done  in  recirculation  of  the  charge  through  the  image  repeatedly  to 
minimize  dark  current  pattern  noise  and  to  detect  motion  (76).  Experiment- 
ation on  the  measurement  of  transfer  efficiency  is  underway  via  multiple 
recirculation  of  a pulse  train  through  a 200  stage  shift  register  (77). 

There  has  been  considerable  development  of  digital  regeneration 
systems  (29,48,68,78-82).  Various  methods  of  charge  detection  and  injection 
have  been  combined  to  form  a variety  of  inverting  or  non -inverting  binary 
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regeneration  systems.  Most  of  these  systems  use  diode  or  floating  gate 
detection  as  well  as  gated  diode  injection  methods.  Two  examples  of  a 
simple  system  (80,82)  are  illustrated  in  Fig.  2.30.  In  each  case,  a diode 
is  used  as  a charge  detector.  In  a,  the  diode  is  preset  to  a reference 
voltage,  while  in  b the  signal  charge  is  transferred  out  of  the  diode's 
depletion  region  to  a diffused  charge  sink.  In  both  cases,  a logic  ONE 
full  charge  packet  decreases  the  voltage  on  the  regeneration  gate  and  thus 
producing  a logic  ZERO  (no  charge) . Precise  control  of  the  regeneration 
gate  threshold  voltage  is  necessary  to  produce  accurate  limits  on  the 
acceptable  size  of  the  charge  packet  of  a logic  ONE. 
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Figure  2.30.  Digital  regeneration  systems. 


2.7.  Review  of  Basic  CCD  Processing 

In  many  respects  the  processing  of  MOS  devices  and  CCD's  are  similar. 
First,  both  use  similar  starting  material  except  that  for  the  CCD,  the 
minority  carrier  lifetime  is  longer,  and  thus  the  generation  rate  and  the 
dark  current  are  reduced,  and  the  resistivity  is  higher  (10-40  ohm-cm  for 
n-channel  CCD's,  vs  5-10  ohm-cm  for  p-channel  CCD's).  Second,  the  basic 
processing  steps,  oxidation,  diffusion,  ion  implantation,  metalization, 
etc.  are  similar  in  principle. 

In  the  fabrication  of  early  CCD's,  basic  MOS  technology  was  used. 
However,  as  CCD  technology  matured,  significant  differences  and  refinement 
of  the  basic  MOS  process  occurred.  CCD  technology  is  more  demanding  of  the 
material  and  of  the  process  control  than  is  MOS  technology.  From  basic 
CCD  process  descriptions,  only  a few  obvious  process  changes  from  MOS  pro- 
cessing (83,84)  are  detected  although  some  changes  have  been  made  in  the 
MOS  design  rules  for  application  to  CCD  layouts. 

As  indicated  earlier,  dark  current  is  a major  restriction  on  the  num- 
ber of  stages  in  a CCD  without  regeneration.  Dark  current  results  from 
the  thermal  excitation  of  electrons  from  the  Si  valence  band  into  the 
conduction  band  via  interband  defect  states  within  the  Si  bulk  (bulk  states) 
or  at  the  SiC^/Si  interface  (interface  states).  To  minimize  dark  current 
it  is  necessary  to  minimize  the  density  of  these  states. 

It  has  been  found  that  processing  above  1100°C  and  rapid  cooling  of  the 
Si  wafers  contributes  to  bulk  states.  Presently,  temperatures  above  1100°C 
are  not  used,  and  the  wafers  are  cooled  at  a low  rate,  either  by  removing 
them  slowly  from  the  furnace  or  by  slowly  lowering  the  furnace  temperature. 
To  minimize  lattice  defects  near  the  front  surfaces  in  the  first  processing 
step,  the  wafers  are  often  stressed  on  the  wafer  backside  by  heavy  ion 
implantation  or  heavy  phosphorus  diffusion.  The  backside  then  acts  as  a 
sink  for  lattice  defects.  Phosphorus  gettering  is  used  to  remove  iron, 
copper  and  gold  precipitates  from  lattice  defect  sites. 

Annealing  at  low  ('v  400°C)  and  high  (800-900°C)  temperatures  is  also 
commonly  used  to  decrease  bulk  and  surface  carrier  generation  time  and 
thus  reduce  dark  current,  7, 
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Because  riinority  carrier  generation  in  the  gate  regions  contributes 
to  dark  current,  the  interface  state  density  must  be  low  in  these  regions. 
The  interface  state  density  must  also  be  uniform  across  the  wafer  and  be 
reproducible  because  of  the  tight  tolerances  on  the  threshold  voltages. 

Thus  the  gate  oxidation  is  a critical  step  in  CCD's.  Oxidations  involving 
HC1  have  been  shown  to  decrease  generation  rates  significantly  (83)  and 
are  generally  used  (except  for  some  field  oxidations  where  the  quality 
is  of  less  importance  and  the  speed  of  wet  oxidation  is  desired). 

In  some  cases,  as  for  CCD's  using  triple  polysilicon  gate  levels, 
the  gate  oxide  may  have  to  be  grown  more  than  once  with  a resultant  in- 
crease in  the  interface  state  density.  Although  the  procedure  for  minimizing 
interface  states  is  reasonably  well  understood  for  single  oxidations  and 
nitrogen  anneals,  it  is  not  well  defined  for  multiple  oxidations.  As  a 
result,  combination  gate  dielectrics  are  becoming  more  popular,  Si^N^/SiC^ 
and  A^O^/SiC^  combinations  as  gate  dielectrics  necessitate  only  one  gate 
oxidation  since  the  Si^N^  or  A^O^  layer  protects  the  SK^  from  subsequent 
etchings. 

Other  areas  are  changing  because  of  CCD  processing  specifications. 
Overlapping  polysilicon  levels  which  require  pinhole-free  thermal  oxidation, 
and  in  some  cases,  deposited  oxides  or  nitrides  to  achieve  good  isolation 
between  gates  are  becoming  common.  The  amount  of  polysilicon  used  on  a 
chip  is  increasing  significantly  and  polysilicon  patterning  tolerances  are 
becoming  more  stringent  as  packing  density  increases.  For  bulk  CCD's,  the 
epitaxial  layers  on  ion  implanted  regions  must  have  their  impurity  concen- 
trations accurately  controlled. 

As  is  the  case  for  MOS  device  fabrication,  numerous  variations  of  the 
basic  processing  methods  are  used.  One  possible  example  of  the  fabrication 
of  a typical  n-channel,  planar,  double  level  overlapping  polysilicon,  two 
component  gate  dielectric  surface  channel  CCD  is  outlined  below.  Since 
this  procedure  involves  a combination  of  various  processes  which  depend 
in  part  on  the  experience  of  the  manufacturer,  it  is  improbable  that  any 
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manufacturer  follows  the  precise  procedure,  but  it  serves  to 

illustrate 

the 

various  process  sets. 

The  steps  are  as  follows: 

1. 

Selection  of  wafers:  p-type,  {100},  10-30  ohm-cm.  Optional:  various 

"gettering"  steps  on  backside  of  wafer  such  as  implants 
stressing,  diffusion,  etc. 

, mechanical 

2. 

Oxidization  of  wafers 

3. 

Deposition  of  Si^N^/Si02 

4. 

Field  oxide  photoresist 

5. 

Etching  of  SiO^Si^N^ 

6. 

Field  threshold  boron  implant 

7. 

Field  oxidation 

8. 

Etching  of  SiO^Si^N^  from  device  region 

9. 

Bulk  channel  phosphorus  implant 

10. 

Etching  of  Si02 

11. 

Gate  oxidation 

12. 

Deposition  of  gate  Si^N^ 

13. 

Deposition  of  polysilicon.  Optional:  Threshold  voltage 
NMOS  control  circuitry 

implant  in 

14. 

Phosphorus  diffusion 

15. 

Oxidation,  photoresist  and  etching  of  polysilicon 

16. 

Channel  barrier  implant 

17. 

Deposition  of  polysilicon 

18. 

Phosphorus  diffusion 

19. 

Oxidation,  photoresist  and  etching  of  polysilicon 

20. 

Oxidation  of  polysilicon 

21. 

Photoresist  of  drain/source  regions,  etc. 

22. 

Phosphorus  implant  or  diffusion 

23. 

Photoresist  and  etching  of  contact  holes 

24. 

Deposition  of  aluminum 

25. 

Photoresist  metalization 
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26.  Etching  of  metalization 

27.  Deposition  of  overglass 

28.  Photoresist  and  etching  of  overglass 

29.  Anneal  metalization 

If  diffused  channel  stops  (rails)  are  required,  an  additional  photo- 
resist and  phosphorus  diffusion  step  is  required  between  Steps  8 and  9. 

As  can  be  seen,  a typical  n-channel,  CCD  process  is  not  as  simple  as 
initially  envisioned.  Of  course,  each  step  and  the  sequence  of  steps  could 
be  changed  in  numerous  ways  to  fit  each  manufacturer's  process  requirement, 
and  equipment  restrictions. 


2.8.  Future  Trends  in  Processing 


The  trends  in  CCD  processing  are  not  entirely  clear  because  manufactu- 
rers do  not  make  a policy  of  publishing  detailed  processing  information. 
But,  it  is  clear  that  a significant  effort  is  currently  being  undertaken  to 
improve  the  quality  of  the  wafers  through  various  gettering  steps  (ion 
implantation,  diffusion,  abrasion,  epitaxy,  etc.),  to  decrease  the  dark 
currents  and  to  increase  uniformity.  Bulk  channel  devices,  particularly 
versions  of  ,the  profiled  peristaltic  device,  seem  to  be  growing  in  popular- 
ity, and  will  probably  continue  to  do  so  if  the  dark  current  problem  can 
be  solved.  Compound  gate  dielectric  structures  (SiC^/Si^N^  , SiO  /A^O^, 
dtc.)  are  becoming  more  widespread  because  of  significant  process  simpli- 
fications which  have  removed  undesirable  steps.  Polysilicon  will  continue 
to  be  used  as  electrodes,  with  some  work  being  done  to  decrease  the  poly- 
silicon resistivity.  Numerous  metalizations  have  been  investigated  but 
aluminum  or  an  aluminum  alloy  (Al-Si,  Al-Cu,  etc.)  will  probably  be  used 
exclusively  in  production  devices.  Ion  implantation  is  rapidly  replacing 
all  diffusion  steps,  except  possibly  the  polysilicon  diffusion  steps.  In 


addition,  it  is  probable  that  ion  implanted  planar  field  oxidation  will 
replace  polysilicon  shields,  except  in  special  applications. 


Vy* 


F-  T 


f 


i ' 


2.9.  Design  Rules 

In  a rapidly  developing  technology  such  as  the  CCD  technology,  design 
rules  for  chip  layouts  which  are  currently  employed  in  industry  are  diffi- 
cult to  define  accurately.  However,  the  CCD  design  rules  have  been  generated 
from  standard  MOS  design  rules  and  thus  are  similar.  In  addition,  most 
CCD  circuits  have  on-chip  MOS  control  circuitry,  such  as  shift  registers, 
input/output  circuits,  sense  amplifiers,  refresh  amplifiers,  etc,,  which 
are  designed  according  to  only  slightly  modified  MOS  design  rules.  These 
modifications  in  the  structure  and  processing  of  CCD’s  as  compared  to  MOS 
devices  are  sufficiently  different  so  as  to  warrant  the  development  of 
new  design  rules.  Among  process  and  design  variations,  typical  CCD  struc- 
tures include  two  levels  of  polysilicon  electrodes,  diffused  or  implanted 
channel  stop  rails,  field  threshold  control  ion  implants  and  barrier  ion 
implants.  Due  to  the  increased  packing  density  of  CCD  elements,  the  standard 
MOS  design  rules  have  been  adopted  to  minimize  size  whenever  possible. 

CCD  layouts 

5 pm  min 

5 pm  min 

1 pm  min 

6 pm  min 
4 pm  min 

4 pm  min 

5 pm  min 

6 pm  min 

4 pm  min 

7 pm  min 
7 pm  min 
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The  following  dimensions  are  typical  design  rules  for 
which  are  currently  in  use  in  the  industry. 

Polysilicon  line  width: 

Space  between  polysilicon  lines 

Top  polysilicon  line  overlap  with  lower  polysilicon 
line 

Channel  stop  width  - diffused 
" " " - implanted 

Ion  implanted  barrier  width 

Contact  holes  to  polysilicon  5 pm  x 

Width  of  thin  oxide  for  stepped  oxide 
configuration 

Width  of  thick  oxide  for  stepped  oxide 
configuration 

Aluminum  line  width 

Aluminum  line  spacing 


r 

5 


These  dimensions  are  typical  in  industry  and  exhibit  the  current 
trends.  Numerous  additional  design  rules  are  certainly  required  to  form 
a complete  set,  but  the  above  rules  illustrate  the  main  points  of  current 
thinking  in  the  industry.  Process  and  equipment  improvements  which  are 
currently  under  investigation  should  significantly  decrease  these  dimensions 
in  the  near  future.  Electron  beam  and  similar  exposure  methods  should  eli- 
minate the  lithographic  process  limitations  to  minimum  feature  dimensions. 
Process  variation,  such  as  offset  masking,  oblique  metal  deposition,  etc., 
will  offer  additional  help  in  minimizing  the  process-related  limitations 
in  the  design  rules.  After  the  process  limitations  have  been  reduced,  the 
effects  of  scaling  will  be  considered  because  doping  concentrations 

and  depth  dimensions  such  as  depletion  widths,  oxide  thicknesses, 
operating  voltages,  etc.  must  be  scaled  together  in  order  to  maintain  a 
properly  functioning  design.  As  the  charge  storage  area  decreases,  the 
total  signal  charge  decreases  and  thus  improved  on-chip  detection  systems 
will  be  required. 

In  Table  2.1,  a comparison  of  the  minimized  cell  size  is  shown  for 

2- phase  offset,  standard  2-phase,  3-phase  and  2 level,  and  3-phase  and 

3- level  CCD  structures.  In  this  table,  C is  the  photolithographic  size  of 
one  phase  of  the  CCD  cell,  and  R is  the  normal  registration  tolerance.  From 
a circuit  design  standpoint,  Lgt  is  the  minimum  desirable  storage  well 
length  and  Ltr  is  the  minimum  desirable  transfer  gate  length. 


Photolitho-  Design  Current  Future 

graphy  Limita-  minimum  Minimum 


Structure 

Limita- 

tions 

tions 

Cell  * 
Length 

Cell  i 
Length 

2-phase  -offset 

2C 

2 (L  _+L^  +2R)  20pm 
st  tr 

12  pm 

Standard  2-phase 

4C+4R 

2<Lst+Ltr> 

32pm 

12  pm 

3-phase  2-level 

3 (C+2R) 

3Lst 

30pm 

12pm 

3-phase  3-level 

3C 

3(Lst+R) 

18pm 

9 pm 

Calculations  involved  design  rules. 


Current 

C = 6pm 

R = 2pm 

L . = 4pm 
st 

Ltr  = 2pm 


Future 

C = 2pm 

R = lpm 

L _ = 2pm 
st 

I*tr  = 2pm 


TABLE  2.1.  Minimum  Cell  Length  Comparison  (after  74). 


3.  CCD  CAPABILITIES  AND  LIMITATIONS 


The  CCD  is  inherently  a simple  device.  As  a result,  its  various  con- 
figurations are  relatively  easy  to  analyze,  and  many  theoretical  studies 
have  been  published  relating  the  physical  properties  of  a CCD  to  its 
electrical  characteristics.  Of  particular  interest  are  signal  handling 
capabilities,  transfer  efficiencies,  noise,  and  power  dissipation.  These 
parameters  are  related  to  such  device  characteristics  as  signal-to-noise 
(S/N)  ratio,'  frequency  response,  input/output  signals,  clock  voltage 
waveforms  and  magnitudes,  etc. 

3.1.  Signal  Handling  Capabilities 

In  CCD  circuits,  especially  those  used  for  signal  processing,  the 
signal  handling  capability  is  of  major  importance.  Although  lar^e  signals 
improve  the  S/N  ratio,  they  also  require  large  electrodes  which  increase 
the  circuit  size,  and  larger  clock  voltages  which  increase  power  dissipa- 
tion. A trade-off  is  required.  The  methods  used  to  optimize  signal  handling 
capabilities  are  different  for  SCCD's  than  for  BCCD's. 

3.1.1.  Signal  handling  capabilities  of  SCCD's.  The  maximum  charge 
that  can  be  accommodated  in  a SCCD  without  spilling  over  into  the  sub- 
strate is  given  by  Eq.  2.11,  (Q^  max  = -CQxVg) , and  is  proportional  to 
Vg.  However,  excessive  values  of  can  cause  breakdown,  In  an  empty  well, 
is  dropped  mainly  in  the  Si  and  avalanche  breakdown  can  occur  for  large 
Vn.  For  a full  well,  V„  is  dropped  primarily  across  the  oxide  and  dielectric 
breakdown  can  occur.  The  latter  condition  usually  limits  the  maximum  value 
of  Vg.  Considering  that  the  breakdown  field  5max  ln  SiC^  i"  1-5  x 10^  V/cm, 

Q = e £ ^ 2 x 10^  - 1 x 10^  electrons/cm^  (3.1) 

n max  ox  max  ^ 

In  compound  dielectric  structures,  such  as  Si^N^/SiC^  or  Al^O^/SiO^, 

Q can  be  somewhat  larger, 

hi  max  ° 
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In  normal  operation,  a CCD  is  biased  so  that  all  electrodes  are  above 

* 

the  threshold  voltage  in  order  to  avoid  charge  pumping  (7,85).  This  condi- 
tion can  be  achieved  by  biasing  all  electrodes  with  a voltage  greater  than 
the  threshold  voltage,  VT,  or  by  applying  a negative  bias  to  the  substrate. 
In  a normal  CCD,  the  electrodes  are  electrically  connected  so  that  no 
uncontrolled  surface  potential  barriers  occur  between  electrodes.  The 
maximum  signal  charge  is,  then,  a function  of  the  potential  difference 
between  adjacent  potential  wells.  If  additional  signal  charge  is  added,  the 
excess  charge  will  flow  away  from  the  full  well  into  other  potential  wells 
and  redistribute  itself  until  potential  equilibrium  is  achieved,  rather 
than  being  injected  into  the  substrate.  Assuming  that  the  adjacent  elec- 
trodes are  held  at  a low  voltage,  VL>  the  signal  charge  per  unit  area  that 

can  be  held  under  an  electrode  biased  at  the  high  voltage,  V„,  is  approxi- 

ri 

mated  from  Eq.  2.11, 


Q ^ - (V  - VT  )C  = -(V„ 
n 'v  H L ox  H 


V d 


ox 


(3.2a) 


ox 


For  (V  - V ) = 10  V and  d = 100  nm,  Q is  3.4  x 10^  C/cm^  which  corres- 

il  L 2.2  2 

ponds  to  2.1  x 10  electrons/ctn  . It  is  noted  that  this  value  is  close 
to  that  which  results  in  dielectric  breakdown  of  the  SiO^. 

Letting  represent  the  total  charge  in  the  potential  well,  Eq.  3.2a 


becomes 


K i -<vh  - W ■ -<v„  - V 


e WL 
ox 


ox 


(3.2b) 


where  the  gate  width  and  length  are  represented  by  W and  L respectively. 

For  three-phase  devices,  the  maximum  signal  current  I for  a voltage 


pulse  magnitude  V 


3* 


VH  - VL  can  be  determined  as 

Q'f  = V WLC  f 
n c p ox  c 


a3<J> 


(3.3) 


where  f is  the  clock  frequency.  For  the  previous  example,  if  W = 20  pm, 
L = 10  pm  and  = 1 MHz,  then 

= 4.3  x 10^  electrons  or  0.69  pC 

* Charge  pumping  involves  injection  of  charge  from  the  channel  into  the 
substrate  upon  removal  of  the  "high"  gate  voltage. 
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and 


I = 0.69  pA 
S34> 

Clock  waveforms  and  the  relative  time  relationship  between  the  three 
clocks  are  important  in  three-phase  systems.  The  potential  field  of  the 
sending  electrode  should  not  collapse  before  the  potential  well  of  the 
receiving  electrode  is  established,  or  the  excess  charge  will  be  dumped 
into  the  sub.strate.  Thus,  the  two  clock  waveforms  must  overlap  as  shown 
in  Figure  3.1a.  The  maximum  charge  handling  capability  exists  for  rectan- 
gular clock  pulses.  If  the  waveforms  are  changed  such  that  only  two  clocks 
are  used  in  an  asymmetrical  2-phase  fashion  with  the  third  phase  held  at 
an  optimum  immediate  value,  the  expected  charge  handling  reduction  is  50% 
but  was  found  experimentally  to  be  40%  of  that  for  square  pulse  operation 
(86).  For  sine  wave  clock  drive,  the  capacity  is  reduced  to  approximately 
75%  of  that  for  square  waves  because  of  the  decrease  in  the  relative  poten- 
tial difference  between  adjacent  electrodes.  The  charge  handling  capacity 
for  these  schemes  is  shown  in  Fig.  3.2. 

Four-phase  devices  theoretically  should  have  the  same  charge  handling 
capabilities  as  similar  size  three-phase  devices  if  they  are  clocked  as 
shown  in  Fig.  3.1b.  However,  since  four-phase  devices  have  an  extra  elec- 
trode, it  is  possible  to  combine  two  adjacent  electrodes  into  one  storage 
electrode  and  effectively  double  the  charge  handling  capability  of  the 
device  (Fig.  3.1c).  Similarly,  it  is  also  possible  to  use  the  two  adjacent 
electrodes  of  a 3-phase  device  as  storage  electrodes  to  increase  the  charge 
handling  capabilities  of  three-phase  imagers  (87). 

Two-phase  devices  using  four-phase  clocks  have  the  same  charge  hand- 
ling capabilities  as  three-phase  devices.  However,  for  two-phase  devices 
using  potential  barriers  formed  by  stepped  oxide  or  ion  implantation,  the 
barrier  potential  is  fixed  by  the  process  and  limits  the  charge  handling 
capabilities.  Since  process  generated  potential  barriers  are  not  as  great 
as  those  generated  by  the  application  of  two  different  voltages,  the  two- 
phase  CCD  can  be  expected  to  have  somewhat  less  charge  handling  capability 
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(c)  4-PHASE  WITH  TWO  ADJACENT  ELECTRODES  ACTING  AS  ONE  STORAGE  ELECTRODE 


PI 

P2 


r 


(d)  2-PHASE  DROP  CLOCK 

PI  I V 

P2  a r 

(e)  2-PHASE  PUSH  CLOCK 


Figure  3.1.  Operating  pulse  waveforms  for  various  CCD's.  Note  phase 
overlap  in  (a),  (b),  (c),  and  (e).  (After  9). 


than  those  of  three-phase  and  four  electrode  two-phase  C CD's.  Figure  3.3 
indicates  the  potential  barriers  which  can  be  produced  with  stepped  oxide 
and  with  ion  implantation  techniques.  In  the  case  of  the  ion-implanted 
barrier,  the  effective  electrode  size  is  significantly  smaller  than  the 
actual  electrode  because  of  the  implanted  region  under  the  electrode.  Thus, 
equations  3.2a  and  3.3  are  modified  for  two-phase  devices. 


Q'  = <p,C  St  A _ 
n b ox  st 


(3.4) 


and 


I 


2<j> 


<J>.C  St  A f 
b ox  st  c 


(3.5) 


where  is  the  barrier  height,  Cqx  is  the  oxide  capacitance  of  the 
storage  electrode,  and  A is  the  area  of  the  storage  electrode.  Note  from 

Fig.  3.3  that  the  barrier  potential  increases  with  electrode  voltage. 

0 

In  two-phase  clocking  using  symmetrical  waveforms  shifted  by  180°,  the 
fall  time  is  very  important.  In  an  idealized  square  pulse  system,  there 
can  not  be  any  waveform  overlap  unless  one  clock  waveform  is  distorted 
and  lengthened  in  time.  This  "drop"  clock  situation  is  illustrated  in 
Figure  3. Id.  In  the  normal  situation,  it  is  possible  that  both  adjacent 
electrodes  may  simultaneously  be  at  the  minimum  or  "rest"  potential,  V . 

The  potential  barrier,  is  much  less  for  the  rest  potential  case 
(nominally  approximately  5 volts)  than  it  is  for  an  applied  electrode  bias 
of  V + V (nominally  approximately  15-20  volts).  Thus  an  overlap  situation, 

K p 

in  which  the  sending  electrode  voltage  does  not  decrease  significantly 
until  the  next  potential  well  begins  to  form,  would  increase  the  signal 
handling  capability.  Proposed  overlap  schemes  include  stepped  clock  pulses 
(88)  where  the  maximum  potential  is  not  brought  immediately  to  the  rest 
potential,  but  is  left  at  an  intermediate  potential  for  a period  of  time.  This 
method,  however,  decreases  the  signal  handling  capability  to  an  extent 
dependent  on  the  magnitude  of  the  intermediate  potential.  Non-stepped  clock 
pulses  (88)  or  "push"  clock  pulses  (89)  have  been  proposed  where  a finite 
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fall  time  L used  as  shown  in  Fig.  3.1e.  The  potential  barrier  <j>b  can 
be  made  larger  than  in  the  drop  clock  situation,  with  associated 
greater  signal  handling  capabilities.  The  minimum  fall  time  for  a 
push  clock  is  given  by  (89) 


2 LstLtr 


min 


, st 
"ox 

ctr 

ox 


(3.6) 


where  L and  are  the  lengths  of  the  storage  and  transfer  electrode, 

i g £ tr 

respectively,  and  C and  C are  the  oxide  capacitances  of  the  stor- 

s t 

age  and  transfer  electrodes,  respectively.  For  example,  if  dQx  = 100  nm, 

dtr  = 300  nm,  V = 10  V,  L = L = 10  pm  and  p = 500  cm^/V  sec,  then 
cx  p sc  cr  s 

t^  =1.2  ns.  For  large  arrays,  and  the  associated  long  clock  lines, 
itmis  Questionable  whether  it  is  feasible  to  generate  clock  pulses  with 
1.2  nsec  fall  times  - especially  for  on-chip  clock  generators. 

3.1.2.  Signal  handling  capabilities  of  BCCD's.  As  indicated  in 
chapter  2,  there  are  currently  two  basic  BCCD  structures.  One  contains 
a uniformly  doped  epitaxial  n-type  layer  while  the  second  has  a 
profiled  n-type  region  in  which  the  surface  donor  concentration  is  greater 
than  that  deeper  into  the  bulk.  This  profiling  is  normally  done  by  ion 
implantation  of  phosphorus,  either  into  the  p-substrate  itself,  or  into 
a surface  n-type  epitaxial  layer. 

Although  profiled  BCCD's  have  been  analyzed  assuming  a Gaussian 
donor  distribution  (15),  the  calculations  are  greatly  simplified, 
assuming  a constant  donor  concentration,  NQ  (13,  14,  90-94).  This 
latter  analysis  is  outlined  here  and  follows  closely  with  that  of 
Moshen  et  al  (90)  and  Barbe  and  Saks  (92). 

The  energy  band  diagrams  of  a BCCD  electrode  region  at  equili- 
brium and  containing  a charge,  Q^,  are  shown  in  Figure  3.4.  The  thick- 
ness of  the  n-type  layer  is  denoted  by  dR  while  d^  and  d^  represent  the 
distance  from  the  Si  surface  to  the  channel  edge  of  the  respective 
depletion  region  as  indicated  in  Fig.  3.4.  The  channel  width  itself 
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is  denoted  by  w.  The  one-dimensional  Poisson  equation  is  solved  using 
the  depletion  approximation,  and  the  potential  minimum  in  the  channel, 
<t>ch,  with  respect  to  its  value  at  equilibrium  is  found  to  be 


>ch  = VG  ' 


Ls  + C 


ss 


«Vi 


ox 


2e 


ox 


(3.7) 


where  Q is  the  fixed  charge  at  the  SiO~/Si  interface  and  d>  is  the 
ss  z ms 

work  function,  difference  between  the  electrode  and  the  n-type  surface 
layer . 

From  Fig.  3.4, 
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where 
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(3.9) 


and 
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(3.10) 


In  the  channel  region,  n = (since  it  is  neutral)  and  thus  the 


charge  per  unit  area  in  the  channel  is  Qn  = -qN^w  so  that 
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w = 


«*D 


(3.11) 


Equations  3.7  to  3.11  are  solved  for  The  results  are  expressed 

in  terms  of 


r 


(3.12a) 


and 
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(3.12b) 


The  parameter  is  the  voltage  which  must  be  applied  across  the  p-n 
junction  to  deplete  the  channel.  Figure  3.5  shows  results  of  calculations 
using  Eq.  3.11  for  the  two  combinations  of  N^,  N^,  and  n.  For  the 
example  of  3.5b,  and  a gate  voltage  swing  from  -2  to  +5  volts,  a full 
well  corresponds  to  Q /qN_.d  v 0.75  which  gives  Q y 6.8  x 10^ 
electrons/cm  . 

The  maximum  signal  charge  that  can  be  handled  in  a bulk  channel 
device  is  smaller  than  that  of  a comparably  sized  surface  channel  device 
mainly  because  of  the  decreased  effective  capacitance  of  the  bulk 
channel  device.  The  ratio  of  the  maximum  charge  handling  capability 
of  the  surface  channel  versus  the  bulk  channel  has  been  approximated  as 
(14,  90,  93) 


Q e d 

ns  , , ox  n 

qT=  1 + 27T~ 

nB  s ox 


(3.13) 


so  that  the  bulk  signal  charge  capacity  decreases  as  the  depth  of  the 

channel  increases.  For  example,  for  d = 150  nm  and  d = 1 pm,  the 

r ox  n 

ratio  of  Q /Q  _ is  2.  Using  a Gaussian  distribution,  similar  ratios 
ns  nB  ° 

have  been  achieved  experimentally  with  deeper  junction  depths  (v2.1  pm) 
(26).  An  approximate  graphical  comparison  of  charge  handling  capacity 
between  the  various  bulk  channel  devices  has  been  calculated  (94)  as 
shown  in  Figure  3.6.  Comparisons  of  Figs.  3.2  and  3.6  give  the 
differences  in  charge  handling  capabilities  of  surface  and  bulk 
channel  devices. 

Figure  2.9  shows  the  charge  distribution  of  an  implanted  bulk 
channel  device.  Since  n = NQ  in  the  channel  region  and  increases 
toward  the  surface,  the  maximum  charge  density  moves  closer  to  the 
surface  with  increasing  signal  level.  It  is  noted  that  in  contrast 
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Figure  3.5.  Channel  potential  as  a function  of  gate  voltage  for 
two  BCCD's  assuming  constant  doping  level  in  the 
n-type  channel  region.  The  results  of  (a)  are 
applicable  to  an  epitaxial  n-region  while  those  in 
(b)  are  a reasonable  approximation  to  an  ion- 
implanted  region  (after  91,  92). 
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Figure  3.6.  Charge  handling  capabilities  of  various  bulk 
channel  CCD's  (after  94). 
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Figure  3.7.  Influence  of  transfer  inefficiency  product  ne 
on  output  signal  for  a single  charge  packet 
input  followed  by  ZEROS,  (after  95). 


to  SCCD's  the  voltage  drop  across  the  oxide  decreases  as  Q Increases 

n 

and  the  maximum  charge  in  the  BCCD  is  limited  by  avalanche  breakdown 
of  the  Si  between  adjacent  electrodes,  rather  than  oxide  breakdown  as 
for  an  SCCD.  Since  in.  the  profiled  BCCD's,  the  highest  doping  is  at 
the  Si  surface,  the  breakdown  occurs  there. 

In  this  discussion,  only  the  internal  charge  handling  capacity 
of  CCD's  was  considered.  However,  because  of  input  circuit  limita- 
tions, it  may  not  be  possible  to  electrically  inject  or  to  optically 
excite  the  maximum  amount  of  charge  which  the  CCD  electrodes  can 
handle.  Furthermore,  thermally  generated  charge,  and  dark  currents 
will  supply  some  charge  and  decrease  the  maximum  signal  charge  hand- 
ling capability. 


3.2.  Transfer  Inefficiency 

An  important  feature  of  a CCD  is  its  ability  to  transfer  charge 
from  one  electrode  to  another  while  maintaining  the  integrity  of  the 
charge  packet.  However,  the  charge  transfer  is  not  complete  and 
requires  a finite  time.  Since,  in  each  transfer,  some  charge  is  left 
behind,  incomplete  charge  transfer  limits  the  total  number  of  trans- 
fers allowable  before  the  signal  charge  loses  its  information.  The 
time  alloted'for  charge  transfer  affects  the  magnitude  of  the  incom- 
plete transfer  so  that  the  frequency  response  of  a CCD  depends  on  the 
amount  of  incomplete  charge  transfer  which  can  be  tolerated.  The 
transfer  efficiency,  n>  is  defined  as  the  fraction  of  charge  trans- 
ferred between  adjacent  storage  electrodes.  Since  n is  typically  on 
the  order  of  0.9999,  it  is  more  convenient  to  discuss  the  transfer 
inefficiency,  e = 1 - n»  defined  as  the  fraction  of  charge  lost  per 
transfer  between  storage  electrodes. 

3,2.1.  General  considerations.  If  the  transfer  inefficiency  is 
constant,  i.e.  if  it  is  independent  of  position  and  magnitude  of  the 
signal  charge  (this  is  only  approximately  true) , the  effect  of  trans- 
fer inefficiency  can  be  easily  calculated.  If  a single  packet  of 
charge  is  injected  into  the  input  of  a CCD,  the  charge  will  decay  expo- 
nentially as  it  propagates.  For  a CCD  of  n stages,  the  output  charge 
will  have  decayed  to  e ne  of  its  initial  value.  However,  the  charge 
lost  from  the  signal  packet  due  to  incomplete  transfer  is  kept  in  the 
sending  stage  and  a fraction  n of  this  is  transferred  during  the  next 
clock  pulse  with  e of  this  charge  remaining.  As  the  signal  charge 
packet  moves  down  the  CCD  then,  a dribble  of  charge  follows  in  sub- 
sequent time  periods.  Figure  3.7  represents  calculated  outputs  of  a 
CCD  with  n stages  and  constant  e,  with  ne  as  a parameter  (95).  In 
each  case  the  charge  corresponding  to  the  CCD  output  in  the  output  time 
period  for  the  injected  signal  (the  injection  time  delayed  by  n clock 
pulses)  is  indicated  on  the  left.  Charge  output  at  subsequent  time 
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periods  are  indicated  progressively  to  the  right.  It  is  noted  that 
for  ne  > 1 most  of  the  charge  is  detected  in  packets  other  than  the 
signal  packet.  At  larger  values  of  ne,  the  envelope  of  the  output 
pulse  train  approaches  a Gaussian  distribution.  Consider  a digital 
shift  register  in  which  the  output  detector  is  set  at  61%  of  the  in- 
jected charge  for  a ONE  indication.  The  ne  product  must  then  be  less 
than  0.5.  For  a relatively  short  shift  register  of  100  cells  (which 
requires  300 , transfers  for  a 3-phase  system)  to  transfer  adequate 
input  signal  to  the  output  node,  e must  be  less  than  0.0017.  To 
achieve  longer  digital  shift  registers,  signal  regeneration  circuits 
can  be  used  periodically  in  the  register. 

In  addition  to  the  incomplete  transfer  described,  the  signal  can 
be  degraded  by  interaction  of  charge  with  interface  or  bulk  traps.  If 
these  traps  are  empty  any  charge  in  the  channel  will  fall  into  them  al- 
most instantaneously  thus  filling  them,  but  it  requires  a relatively 
long  time  for  the  electrons  to  be  thermally  excited  from  the  traps  back 
into  the  channel.  Let  6 represent  the  fixed  charge  loss  per  transfer, 
i.e.  that  fraction  of  the  charge  of  an  injected  logical  ONE  which  is 
lost  to  these  traps  on  each  transfer.  Then  in  a register  of  n stages, 
n<S  is  lost  in  the  transfer.  If  n<5  > 1 all  of  the  charge  is  lost  and 
charge  from  subsequent  ONE's  will  be  lost  to  fill  the  remaining  traps. 
The  value  of  6 depends  on  the  number  of  empty  traps  and  thus  depends  on 
the  time  since  a ONE  was  transferred. 

The  combination  of  transfer  inefficiency  and  fixed  charge  loss  can 
be  used  to  describe  the  CCD  operation.  Although  the  trapped  charges 
are  re-emitted,  the  process  is  so  slow  that  this  contribution  to  trans- 
ferred charge  is  neglected.  The  randomness  of  this  emission,  however, 
does  contribute  to  noise.  Figure  3.8  illustrates  the  degradation 
involved  in  the  passage  of  a string  of  ten  consecutive  ONE's  after  a 
series  of  ZERO's.  Various  values  of  e,  6,  and  n are  used  as  parameters. 
If,  instead  of  using  an  empty  packet  to  represent  a ZERO,  a fixed  back- 
ground charge  is  used,  the  traps  are  continuously  being  filled,  and  6 
is  reduced  substantially.  This  background  bias  charge  is  referred  to 


e - 1x10  , 
6 - 2xl0-J 
WITH  10% 
BACKGROUND 
CHARGE 

(d) 


100 


400  1600 


n » NUMBER  OF  TRANSFERS 


Figure  3.8.  Calculated  results  of  ten  ONE's  after  a series  of 
zeros  as  a function  of  various  e,  6,  and  n values 
for  100,  400,  and  1600  transfers  respectively 
(after  9). 
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as  a FAT  .FRO  in  SCCD's.  In  BCCD's  the  effects  of  interface  traps  are 
eliminated  and  a smaller  bias  charge  (SKINNY  ZERO)  is  often  used  to 
represent  a zero. 

This  discussion  has  been  geared  toward  digital  signals,  yet  one 
important  application  of  CCD's  is  in  the  area  of  analog  signal  process- 
ing. Using  z-transforms  a closed-form  solution  for  transfer  inefficiency 
was  derived  (96).  The  amplitude  attenuation  of  the  signal  as  a function 
of  frequency  is  (97) 

S 

— = exp [-ne (1-cos  2irf/f  )]  (3.14) 

bin  C 

This  is  plotted  in  Figure  3.9  using  ne  as  a parameter.  Although  other 
authors  (98,  99)  have  developed  similar  relationships  using  slightly 
different  mathematical  models,  this  simple  formula  is  adequate  in  most 
cases  to  give  a quick  estimate  of  the  performance  degradation  due  to 
transfer  inefficiency. 

In  practical  situations,  it  is  desirable  to  keep  e and  6 minimized 
to  decrease  signal  distortion  in  analog  applications  and  to  maximize 
the  number  of  elements  between  regenerators  in  digital  circuits.  It 
is,  thus,  necessary  to  analyze  the  charge  transfer  process  and  to  deter- 
mine the  mechanisms  which  cause  transfer  inefficiency.  Numerous  anal- 
yses using  different  assumptions  and  boundary  conditions  have  been 
published.  In  the  next  section,  some  of  these  mathematical  models  and 
their  results  are  discussed. 

3.2.2,.  Mathematical  models  of  transfer  mechanisms.  Although  the 
physical  structure  and  basic  operating  principles  of  a CCD  are  concep- 
tionally  quite  simple,  an  accurate  mathematical  description  of  trans- 
fer characteristics  is  difficult  to  derive.  Approximations  are 
normally  used  to  simplify  both  the  detailed  model  and  the  solution  of 
the  differential  equations  describing  the  model. 

The  basic  equations  to  be  solved,  along  with  the  boundary  conditions 
are  the  continuity  equations  for  holes  and  for  electrons. 


96 


(3.15) 


q-li’  = -v.j  - qR 

4Jt  P 4 P 


q4~  = V* J - qR 
3 1 n n 


(3.16) 


the  transport  equations  for  holes  and  electrons. 


-qDpVp  + qMp  pC 


(3.17) 


J = qD  V + qy  nC  ; (3.18) 

n n n n n n 

and  Poisson's  equation 

7.c  = 3.  (p  _ n + Nq  - Na)  (3.19) 

where  p and  n represent  the  hole  and  electron  densities  respectively. 

R and  R represent  net  recombination  rates  of  holes  and  electrons,  D 
P n P 

and  D are  diffusion  coefficients  for  holes  and  electrons,  y and  y 
n p n 

are  hole  and  electron  mobilities  respectively.  Hole  and  electron  current 
densities  are  denoted  by  J and  respectively,  while  and  repre- 
sent the  ionized  donor  and  acceptor  concentration  respectively  and  £ is 
the  electrostatic  field.  The  conventional  subsidiary  relations  are 
used  to  relate  the  various  quantities.  The  above  equations  can  be 
combined  with  the  appropriate  boundary  conditions  to  yield  three  two- 
dimensional  nonlinear  elliptical  equations.  These  equations  can  be 
solved  numerically  by  a form  of  Newton's  linearization  method  combined 
with  some  iterative  techniques,  such  as  alternating-direction  or 
successive  over-relaxation  methods.  However,  these  methods  require 
large  computer  storage  and  extensive  computation  time,  and  thus  many 
simplifying  assumptions  have  been  made. 

The  approximations  which  have  been  used  are  listed  below. 

1.  One-dimensional,  or  combinations  of  one  and  two-dimensional  anal- 
yses: most  early  analyses  are  one-dimensional,  either  along  the 
surface  or  perpendicular  to  the  surface.  To  obtain  more  accurate 
electric  field  results,  some  contributors  have  solved  Poisson's 
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equation  in  two-dimensions  while  using  a one-dimensional  form  of 
the  continuity  and  transport  equations.  Others  use  Eq.  2.8  to  deter- 
mine the  relationships  between  surface  potential  and  signal  charge. 

2.  Static  conditions,  or  approximate  time  independence. 

3.  Small  (or  zero)  concentration  of  mobile  minority  carriers:  This 
greatly  simplifies  the  analysis  but  neglects  the  influence  of  the 
signal  charge  on  the  potential  magnitude  and  distribution. 

4.  Instantaneous  redistribution  of  majority  carriers:  Most  analyses 
neglect  the  majority  carrier  equations  and  assume  that  the  majority 
carriers  can  redistribute  themselves  instantaneously  after  changes 
in  minority  carrier  densities  and  depletion  layer  widths. 

5.  Depletion  approximation:  Many  analyses  assume  that  the  depleted 
regions  are  completely  devoid  of  mobile  carriers  and  that  abrupt 
transitions  occur  in  mobile  carrier  densities  at  the  edges  of  the 
depletion  region. 

6.  Majority  carrier  distribution  is  determined  by  one-dimensional 
depletion  approximation. 

7.  Minority  carriers  located  exactly  at  potential  energy  minimum: 

Usually  the  minority  carrier  concentration  is  assumed  to  be  a delta 
function  at,  or  a rectangular  distribution  centered  around,  the 
potential  energy. 

8.  No  surface  effects,  charge  trapping,  etc. 

9.  Gradual  channel  approximation:  This  assumes  that  the  electric  field 
perpendicular  to  the  surface  is  much  larger  than  the  electric  field 
parallel  to  the  surface.  This  assumption  is  not  valid  at  the  edges 
of  the  electrodes  since  it  eliminates  fringing  field  contributions. 

10.  Fringing  electric  fields  caused  by  the  adjacent  electrodes  are 
either  considered  to  be  zero,  a constant,  or  a given  reference  (100). 

11.  Infinite  minority  carrier  sink  at  interface  between  sending  and 
receiving  electrodes:  This  boundary  condition  greatly  simplifies 
the  analysis  and  is  relatively  valid  for  small  and  medium  size 
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charge  packets  but  does  not  account  for  "charge  bunching"  in  the 
receiving  electrode. 

12.  Uniform  surface  state  density  and  capture  cross-section:  If  surface 
state  density  and  capture  cross-section  is  considered,  their  energy 
dependence  is  neglected. 

13.  Fringing  fields  included  as  linear  combination  in  transport  equation: 
In  the  basic  set  of  semiconductor  equations,  it  is  assumed  that  the 
drift  and  diffusion  contributions  can  be  expressed  as  additive 
terms  in' the  transport  equation  which  thus  linearizes  these  effects. 
Some  of  the  significant  analyses  are  summarized  in  Table  3.1.  As 

is  evident,  numerous  methods  have  been  attempted,  but  a complete 
analysis  has  yet  to  be  accomplished.  The  results  of  these  and 
other  analyses  are  discussed  later. 

Other  techniques  have  been  used  to  model  the  various  effects  lead- 
ing to  transfer  inefficiency  in  CCD's.  A lumped  charge  model  has  been 
developed  (101,  102)  which  characterizes  the  dynamics  of  charge  trans- 
fer in  terms  of  single-device,  small-signal  characteristics.  Three 
contributions  to  incomplete  transfer  which  are  common  to  all  types  of 
CCD’s  are  a)  an  intrinsic  transfer  rate  contribution  based  on  the 
mechanisms  of  free  charge  transfer,  b)  an  output  conductance  or  feed- 
back contribution,  c)  a modulation  of  the  storage  capacitance  of  the 
sending  electrode.  Other  effects  such  as  effects  of  interface  states 
can  be  incorporated  into  this  model.  Figure  3.10  shows  a schematic 
representation  of  the  lumped  charge  model.  In  (a)  a charge  packet  is 
shown  in  a well  under  a single  electrode  which  we  will  refer  to  as  the 
sending  or  source  electrode.  At  a certain  time,  the  receiving,  or  drain 
electrode  is  turned  on  and  the  charge  is  transferred  from  source  to 

drain.  Let  <J>  (t)  and  <f>  , (t)  be  the  electrostatic  surface  potential  at 

ss  sd 

the  Si  surface  in  source  and  drain  regions  respectively.  Let  <t>sso  and 
<f>sdo  represent  the  respective  source  and  drain  surface  potentials  for 
empty  wells  (but  with  the  clock  voltages  applied  for  transfer).  Then 
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Notes:  A)  Finite  difference  method,  B)  Use  of  effective  diffusion  constant, 
C)  Assumes  zero  mobile  minority  charge,  D)  Fourier  series  solution,  E)  Use 
of  formula  for  fringing  fields,  F)  Use  of  effective  carrier  velocity, 

G)  Consideration  of  constant  and  spatially  varying  fringing  field,  H)  Con- 
sideration of  signal  charge,  I)  Use  of  Fourier  transform,  J)  Fourier  series 
for  case  of  finite  charge,  K)  Uniform  doping  of  layer,  L)Gaussian  doping  of 
layer,  M)Obtains  average  potential  solution  using  one-dimensional  equation, 
N)  Use  of  variation  method,  0)  Fringing  field  considered  only  during  and 
after  turn  off,  P)  Assumes  no  oxide  charge,  and  all  gates  lie  on  same  plane. 

Table  3.1.  Summary  of  CCD  Analyses 
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,Le  ^ I the  total  charge  left  in  the  sending  electrode  at  any 


c i;oe  t is 


q;(t) 


I c‘‘ 


(3.20a) 


and  that  in  the  drain  is 


°U 

Qd(t)  = J 


(3.20b) 


Letting  represent  the  initial  charge  = Q^(t)  + Q^(t)  or 


Q'  = Q' 

o s 


au 

;<t,+  /=* 


(3.21) 


It  would  be  tempting  to  define  the  transfer  inefficiency  as  Q'  at  the 
end  of  the  transfer  clock  pulse  divided  by  Q\  However,  it  is  more 
convenient,  particularly  for  analog  systems,  to  define  transfer  inef- 
fiency  as 


dQ’(t) 


e(t)  = 


(3.22) 


Letting  I represent  current  flow  from  source  to  drain  (Figure  3.10d), 


dt~  = '1(<t>ss  * *sd} 

where  4>gs  and  4>gd  are  functions  of  the  clock  voltages. 
Differentiating  Eq.  3.22  with  respect  to  time  gives 


(3.23) 
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de(t)  _ d(dQs/dt) 


dt 


dQ' 


since  is  fixed  in  a given  transfer.  Combining  this  with  Eq.  3.23 
gives 


de  (t)  _ 31  d<^ss  31  d<t>sd 

dt  3(f)  dQ'  3<j)  J dQ' 
ss  Ysd 


(3.24a) 


Defining  instantaneous  transconductance,  g as  — — and  instantaneous 

■ m <3  <p 

reverse  transfer  conductance,  g as  — — - gives  SS 

r 3<J> 


*sd 


de(t)  _ 


d<}> 


dt 


= g 


ss 


d<|> 


'm  dQ' 


" g 


sd 


r dQ' 


o '‘o 

Combining  Eqs.  3.20a  and  3.22  gives 


(3.24b) 


d <p 


ss 


d^ 


E(t) 

c' 


r 

- SS 

^ f 

• J 


ss  dC' 

dQ^  d* 

o 


Tsso 


(3.25) 


From  physical  arguments  we  can  approximate 


C„  y 


d% 


D ^ d<p 


sd 


(3.26) 


and  from  Eqs.  3.24b,  3.25  and  3.26  we  can  write 

*sd^dC' 


e(t)  -fi  defel  . 8r  c; 


_s  deft;  . Ir  _s  7 

8m  dt 

(hJ 

sso 


dQ 


7-  d<j> 


(3.27) 


Equation  3.27  is  a linear  differential  equation  with  a solution  of  the 
form 


e(t)  = ei  + £0  + eC 


(3.28) 


where 
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e^t)  = exp  [ - 


dt  ] 


(3.29) 


I 


C' 


s 


is  the  intrinsic  transfer  limitation  of  the  device, 


8rCs 

£D(t)  = [gmC'3 

is  the  feedback  contribution,  and 


(3.30) 


1 dC' 

eC(t)  = Q8(to} 

s o 


(3.31) 


is  the  variation  of  the  source  storage  capacitance  with  source  poten- 
tial. 


3.2.3.  Kinetics  of  free  charge  transfer.  An  important  character- 
istic of  a CCD  is  its  ability  to  transfer  mobile  charge  from  one 
potential  well  to  another.  The  allowable  clock  frequencies  and  the 
number  of  stages  in  a register  are  influenced  by  the  efficiency  and 
speed  of  this  free  charge  transfer. 

A variety  of  physical  structures  fabricated  by  several  processing 
methods  have  been  investigated,  both  experimentally  and  theoretically, 
for  various  operating  conditions.  Here  the  discussion  of  the  trans- 
fer characteristics  of  CCD's  is  limited  to  two-phase  and  three-phase 
SCCD's  and  BCCD's  operating  in  the  complete  and  in  the  incomplete  trans 
fer  modes.  The  effects  of  self-induced  drift,  thermal  diffusion, 
fringing  fields,  background  or  bias  charge,  clock  waveforms  and  device 
processing  are  discussed. 

3. 2. 3.1.  Kinetics  of  complete  charge  transfer.  Most  CCD's  oper- 
ate in  the  complete  charge  transfer  mode  in  which  there  are  no  poten- 
tial barriers  in  the  path  of  the  charge  packet  behind  which  some  of 
the  minority  charge  can  be  trapped.  Thus,  depending  on  device  condi- 
tions, practically  all  of  the  minority  charge  will  transfer  from  one 
potential  well  to  another.  Figure  3.11  is  a hybrid  schematic  used  to 
analyze  the  complete  charge  transfer  mode.  There  are  three  basic 
mechanisms  which  assist  in  the  charge  transfer:  self-induced  drift, 
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P3 

thermal  diffusion  and  fringing  fields.  It  will  be  shown  that  the  self- 
induced  drift  is  the  most  important  transfer  mechanism  during  the 
early  part  of  the  transfer  process,  while  thermal  diffusion  and  fring- 
ing fields  contribute  during  the  latter  stages. 

Self-induced  drifts  occur  because  of  mutual  electrostatic  repulsive 
forces  which  mobile  minority  carriers  exert  on  each  other.  As  the 
receiving  potential  well  is  forming,  the  majority  of  the  mobile  mino- 
rity charge  is  tightly  grouped  under  the  sending  electrode  so  that  as 
the  potential  barrier  is  lowered  the  mobile  carriers  move  under  this 
repulsive  influence  toward  the  regions  of  less  carrier  density,  i.e. 
the  receiving  electrode.  As  expected,  this  repulsive  contribution  to 
charge  transfer  will  have  its  maximum  effect  early  in  the  transition 
time  when  the  mobile  carriers  are  compacted  under  the  sending  electrode 
and  will  decrease  in  significance  as  the  carriers  leave  the  electrode 
region.  For  sufficiently  large  charge  packets,  the  transfer  is  initially 
dominated  by  this  self-induced  drift  effect. 

An  accurate  solution  of  the  effect  of  the  self-induced  electric 
field  requires  extensive  numerical  calculations  using  a modified 
Boltzmann  transport  equation.  However,  the  magnitude  of  the  self- 
induced  longitudinal  electric  fields  can  be  approximated  by  taking  the 
derivative  of  Eq.  2.8  and  neglecting  the  term  involving  in  the 
brackets: 


Cy(y,t)  = 


-d  <}>g 
dy 


^ 9Qn(y.t) 


ox 


3y 


(3.32) 


If  the  solution  is  assumed  stationary  so  that  separation  of  variables 
may  be  used,  the  decay  of  the  i 
asymptotically  by  the  equation 


may  be  used,  the  decay  of  the  initial  charge  packet  may  be  described 


Q'(t)  = ^o_  _ 1 

Q ' t+t  1+t/t 

o o * o 


(3.33) 
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where 


t 

o 


ttL2C’ 


OX 


2m  Q' 
no 


2m  A<f> 

n s 


(3.34) 


where  A<J>s  is  the  difference  in  the  surface  potential  for  the  charged 
and  uncharged  state,  or  the  magnitude  of  the  signal  voltage.  Using  a 
more  accurate  integral  formulation  (103),  the  maximum  self-induced 
electric  field  magnitude  for  uniform  charge  profiles  can  be  given 
approximately  as 

£ £ 4.5  x 1011  Qq  V/cm  (3.35) 

ymax 


Equation  3.35  provides  a simple,  though  approximate,  relationship  between 
the  maximum  self-induced  field  and  the  signal  charge  concentration. 

From  Eqs.  3.33  and  3.34  it  is  apparent  that  the  charge  decay  is  faster 
for  larger  . For  small  signal  charge  packets,  or  after  most  of  the 
charge  has  been  transferred,  Qn  is  small  in  the  sending  well,  and  so 
the  self-induced  field  can  be  neglected.  In  this  case,  electrons  are  trans- 
ferred primarily  by  thermal  diffusion.  Using  the  continuity-transport 
equation  with  only  the  thermal  diffusion  term,  and  assuming  no  backward 
flow  of  charge,  an  infinite  sink  at  y=L,  and  unifori'.  initial  charge  per 
unit  area,  Qq,  the  charge  packet  approaches  a cosine  distribution 
asymptotically  in  time  (103,  104) 


Qn(y,t) 


4Q 

o iry 
— cos  exp 


(3.36) 


where  t 


th 


is  the  thermal  time  constant 


4L 


th 


tt2D 


„_lL 

-v  2.5D 


(3.37) 


n 

where  Dn  is  the  diffusivity  of  electrons  in  the  well  and  is  related  to 
the  mobility  by  the  Einstein  relation 


kT 

q 


(3.38) 


2 2 

assuming  L = 10  um  and  1^  = 15  cm  /sec  (corresponding  to  y = 580  cm  /Vsec), 

*-4 


Eq.  3.37  gives  t 


th 


2,7  nsec.  For  transfer  inefficiency  of  10  , 9.2 


thermal  time  constants  would  be  required,  or  25  nsec  per  transfer. 
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For  large  charge  packets,  the  Initial  transfer  is  primarily  by 
the  induced  drift  field  while  the  final  transfer  is  limited  by  internal 
diffusion.  The  charge  at  which  the  induced  field  becomes  negligible  is 
approximately  that  which  is  equivalent  to  an  induced  voltage  of  kT/q  or 


‘‘nth 


r iSl 
ox  o. 


(3.39) 


For  an  oxide  thickness  of  100  nm  this  corresponds  to  an  electron 

9 2 

density  of  about  6 x 10  per  cm  . Since  this  value  is  one  to  two 
orders  of  magnitude  smaller  than  the  signal  charge  used  for  many  appli- 
cations, most  of  the  charge  is  transferred  by  the  induced  field.  From 

12  -2 

Eq.  3.34  and  an  initial  electron  density  of  10  cm  , tQ  is  0.59  nsec 
or  the  initial  charge  packet  is  one-half  transferred  in  0.59  nsec 
This  compares  with  the  thermal  time  constant  of  2.7  nscc  Because  of 
fringing  fields,  the  potential  variation  is  not  a step  function  at  the 
edge  of  the  wells  as  shown  in  Fig.  3.11(a),  but  is  a smooth  curve,  as 
illustrated  in  Fig.  3.11(b).  Fringing  electric  fields  increase  the 
transfer  speed  of  the  last  residues  of  charge  and  thus,  increase  the 
maximum  operating  frequency  of  the  CCD.  Bulk  channel  CCD's  have  signi- 
ficantly larger  fringing  fields,  than  surface  channel  CCD's,  and  thus 
have  considerable  higher  frequency  response. 

The  effects  of  fringing  fields  can  be  determined  by  solving 
Poisson's  equation  (numerically)  in  two  dimensions  (20,  22,  105-109). 

An  approximate  solution  has  been  derived  in  closed  form  (.100)  for  the 
minimum  fringing  field,  which  occurs  at  the  center  of  the  transfer 
electrode  if  it  is  held  at  a potential  equal  to  the  average  of  the 
adjacent  electrodes 


„ d AV 
y , , ox 
= 6.5  — = — 


min 


VL 

5X./L+1 

a 


(3.40) 


where  is  the  thickness  of  the  depletion  region  under  the  transfer 
electrode  and  AV  is  the  voltage  difference  between  adjacent  electrodes. 
Another  similar  equation  for  calculating  the  minimum  fringing  field  is 
(91) 


^ 2 AV  ires 


min 


3 L2  Ceff 


(3.41) 
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where  for  surface  channel  CCD's 


(3.42) 


and  for  BCCD's 


Id  d Q /N_ 
-I  ox  . _n  . n D 

£ e 2qc 
ox  s s 


(3.43) 


From  these  equations,  it  is  seen  that  the  fringing  field,  and  thus 
speed  of  charge  transfer,  increases  as  the  length  of  the  electrode 
decreases.  Charge  handling  capability  is,  of  course,  decreased. 

An  important  parameter  in  the  transfer  of  the  last  residue  of 
charge  is  the  single  carrier  transfer  time,  ttr(42) 


Li 

-w 


£f(y) 


(3.44) 


Since  l/£^(y)  increases  almost  linearly  from  the  edges  to  the  center  of 
the  transfer  electrode  (100)  the  average  fringing  field  is  about  twice 
the  minimum  value.  The  single  carrier  transit  time  can  then  be  approxi- 
mated by 


(3.45) 


However,  the  charge  in  the  receiving  well  decreases  the  surface 
potential  there,  and  thus  decreases  the  fringing  field  relative  to  that 
calculated.  As  a result,  not  all  of  the  charge  is  transferred  in  a 
single  carrier  transit  time.  After  approximately  one  transfer  time, 
the  charge  profile  becomes  stationary  and  decays  exponentially  with  a 
final  time  constant  of  the  order  of  t /3  (103,  110).  An  approxi- 
mate formula  for  which  includes  the  effect  of  thermal  diffusion  is 
(110) 


„ 2D 

. , 'v  „2  n n 

1/Tf  2 

1 1 4l 


(3.46) 


f 

i 


where  the  coefficient  K.  , which  varies  from  1 to  2,  is  a function  of 

x 2 2 

the  fringing  field.  For  zero  fringing  field,  = 1 and  t^,  = 4L  fr  D 

in  agreement  with  Eq.  3.37.  The  two  terms  in  Eq.  3.46  are  comparable 
TT  kl 

for  — — . For  L =■  10  am,  the  charge  deca7  is  dominated  by 

the  frfnging  effects  for  > 100  V/cm.  Since  is  typically 

on  the  order  of  10^  - 10^V/cng  (dependent  on  electro<?enlength) , the 
final  time  constant,  and  thus  the  operating  speed,  is  largely  deter- 
mined by  the  fringing  fields.  The  increased  speed  of  BCCD's  with 
respect  to  SCCD's  is  a result  of  the  increased  fringing  fields  in 
the  BCCD's. 

Figure  3.12  illustrates  the  results  of  numerical  analysis  (105, 

107)  of  a two  phase  overlapping  gate  p-channel  suxface  channel  struc- 
ture using  a one-dimensional  continuity-transport  equation  and  two- 
dimensional  Poisson's  equation.  The  surface  potential  variation  with 
distance  is  shown  in  (a)  and  the  resultant  fringing  field  in  (b) . 
Fringing  fields  of  about  10^  V/cra  occur  at  the  edges  of  the  sending 
and  transfer  electrodes.  In  Figure  3.13(a),  various  combinations  of 
the  current  densitJes  result  ng  from  self-induced  d”ift,  thermal  dif- 
fusion, and  fringing  fields  are  shown  which  emphasise  the  importance 
of  the  fringing  field  contribution.  The  effect  of  initial  charge  packet 
concentration  on  transfer  time  is  shown  in  Figure  3.13(b)  illustrating 
that  large  initial  charge  packets  transfer  faster  than  smaller  packets. 
The  influence  of  the  magnitude  of  the  fringing  field  on  transfer  in- 
efticiency  and  transfer  speed  has  been  analyzed  and  is  shown  in  Fig. 

3.14  (111).  The  figure  indicates  good  agreement  between  the  two- 
dimensional  numerical  solution  of  Poisson's  equation,  with  the  one- 
dimensional charge  control  model  solution. 

The  actual  magnitude  of  transfer  inefficiency  is  a strong  function 
of  the  design  and  processing  of  the  particular  CCD.  Typical  data  of 
various  types  of  CCD's  is  presented  here  as  an  example  of  current 
capabilities.  Figure  3.15  shows  transfer  inefficiency  versus  clock 
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FRINGING  FIELD  e,(V  cm 


Figure  3.12.  Surface  potential  and  fringing  field  along  the  surface 
of  two-phase  overlapping  gate  p-channel  CCD  for  sub- 
strate doping  levels  of  5 x 10^  (solid  line)  and 
1 x 10^5  (dashed  line).  For  this  calculation  dst  = lOOnrn 
and  d^£  = 300nm  (after  105,  107).  The  results  are 
applicable  to  n-channel  oCCD's  with  a change  in  gate 
polarity. 
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Figure  3.13.  Transfer  rate  characteristics  for  p-channel  SCCD  indi- 
cating relative  importance  of  self-induced  drift,  diffusion,  and 
fringing  fields  (a),  and  influence  of  size  of  initial  charge  packet 
(b)  (after  105,  107).  ,, 


NORMALIZED  TIME  t/t  (SQUARE  ROOT  SCALE) 


Figure  3.14.  Effect  of  fringing  field  on  the  fraction  of  the 
charge  remaining  in  the  discharging  well  as  a 
function  of  time  (after  111) . 


clock  frequency  ( h?  > 


Figure  3.15.  Transfer  inefficiency  (fractional  loss  per  gate)  as  a 
function  of  clock  frequency  for  two-phase  overlapping 
transfer  gate  CCD’s. 

Curve  A:  64-stage,  5.0  mil  wide  gates  with  50%  FAT  ZERO 
Curve  B:  128-stage,  0.5  mil  wide  gates  with  30%  FAT  ZERO 
Curve  C:  64-stage,  5.0  mil  wide  gates  with  no  FAT  ZERO 


frequency  for  p-channel  two-phase  CCD's  on  (111)  and  (100)  material 
using  varying  amounts  of  background  charge  or  fat  zero.  The  higher 
frequency  capabilities  of  n-channel  over  p-channel  CCD's  are  indicated 
in  Figure  3.16.  Three-phase,  three-level  polysilicon  n-channel  CCD's 
and  two-phase  offset  mask  p-channel  CCD's  have  very  good  high  frequency 
clock  operation  (Figure  3.17).  As  expected,  the  transfer  inefficiency 
rises  sharply  when  the  time  allowed  for  charge  transfer  is  reduced  to 
the  order  of  the  decay  time  constant. 

To  achieve  superior  performance  at  higher  operating  frequencies, 
bulk  channel  CCD's  have  been  developed  which  utilize  the  larger  fring- 
ing field  contribution  than  is  obtainable  in  surface  channel  CCD's.  The 
effective  capacitance  C^^  (Eqs.  3.42,  3.43)  is  decreased  because  of 
the  larger  depletion  region  which  increases  the  fringing  field.  The 
larger  fringing  field,  in  turn,  decreases  the  single  carrier  transfer 
time.  Figure  3.18  compares  the  channel  potential  profiles  of  SCCD's  and 
BCCD's. 

The  fringing  fields  in  BCCD's  have  been  analyzed  (numerically)  for 
two-phase  (15,  16,  22,  109),  for  three-phase  (16,  22,  109),  and  for 
four-phase  (112)  structures  using  Poisson's  equation  and  the  depletion 
layer  approximation.  As  for  SCCD's,  the  minimum  fringing  fields  occur 
at  the  center  of  the  transfer  well.  The  magnitude  varies  with 

the  distance  of  the  channel  from  the  Si  surface,  and  becomes  a maximum 
for  a depth  of  about  0.4L  with  a value 


’f  . £ 0.5 

min  max  'v  L 


(3  47) 


provided  that  the  total  depletion  region  (on  both  sides  of  the  well)  is 


larger  than  about  2L.  This  value  of  £ 


can  be  inserted  into 


Eq.  3.45  to  calculate  an  approximate  sing?e  carrier  transfer  time  and 
to  estimate  the  maximum  frequency  of  operation  for  a bulk  channel  CCD. 

Bulk  channel  devices  are  capable  of  high  speed  operation.  A 
uniformly  doped  4.5  pm  thick  epitaxial  layer  BCCD  was  measured  to  have 
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Figure  3.16,  Comparison  of  n-  and  p-channel  two-phase  CCD 
transfer  inefficiency  versus  clock  frequency 
for  (100)  Si  (after  113). 
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(a)  Three-phase  three-level  polysllicon  n-channel  CCD  (after  26) 
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(b)  Two-phase  offset  mask  p-channel  CCD  (after  9) 


Transfer  inefficiency  as  a function  of  clock  frequency 
of  two-  and  three-phase  CCD's. 


r 


a transfer  inefficiency  of  5 x 1(T5  at  a 135  MHz  clock  frequency  with 
10V  clock  voltage  changes  (113)  while  profiled  BCCD's  have  been 

measured  at  135  MHz  with  transfer  inefficiencies  of  the  order  of 
-4 

1 x 10  . Figure  3.20  shows  the  equipotential  and  isoconcentration 

lines  of  a homogeneous  doped,  epitaxial  layer,  peristaltic  CCD  and  a 
profiled  peristaltic  CCD.  It  should  be  noted  that  in  the  profiled 
peristaltic  device,  most  of  the  charge  is  contained  in  the  more 
heavily  doped  top  layer  near  the  Si  surface.  This  makes  it  possible 
to  store  larger  charge  packets  for  a given  gate  voltage.  However, 
because  the  last  fraction  of  the  charge  is  still  transferred  at  a 
relatively  large  distance  from  the  surface  (Fig.  2.9),  the  transfer 
speed  is  relatively  high  when  compared  to  the  homogeneous  doped 
peristaltic  device. 

3. 2. 3. 2.  Kinetics  of  incomplete  charge  transfer.  Some  CCD's  are 
operated  in  the  incomplete  transfer  mode  in  which  a small  bias  charge 
is  continually  circulated.  This  fixed,  small  bias  charge  represents 
zero  signal  (FAT  ZERO).  This  tends  to  keep  the  interface  states  satur- 
ated so  that  the  fixed  charge  loss,  6,  is  reduced.  It  also  permits 
operation  at  higher  frequencies  since  the  initial  transfer  is  controlled 
by  the  self-induced  drift  fields  and  is  thus  rapid.  The  last  1%  or  so 
of  charge  is  controlled  by  thermal  diffusion  and  drift  in  fringing 
fields  - relatively  slow  processes.  Although  the  clock  frequency  can 

be  used  to  control  the  bias  charge,  its  magnitude  must  be  well- 
controlled  (particularly  for  analog  applications)  and  in  practice  a 
potential  barrier  is  used  to  control  the  FAT  ZERO.  Figure  3.21  shows 
a 2-phase  CCD  operation  (a)  in  the  complete  transfer  mode  and  (b)  in 
the  incomplete  transfer  mode.  The  effects  of  incomplete  transfer  of 
a 2-phase  CCD  are  presented  in  Figure  3.22  for  0%  and  10%  FAT  ZERO 
(30) . Because  operation  in  the  incomplete  transfer  mode  reduces  the 
dynamic  response  and  results  in  increased  noise,  the  barrier  heights, 
clock  voltages,  and  clock  frequencies  are  normally  adjusted  to  produce 
as  small  a bias  charge  as  practical. 

3.2.3. 3.  Influence  of  clock  waveforms.  Not  only  does  the  clock 
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(a)  Homogeneous  n- layer:  Nn  = 7.5x10  cm 
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Figure  3.20.  Equipotential  and  isoconcentration  lines  for  various 
types  of  peristaltic  devices  (after  12). 


b)  Incomplete  transfer  mode 


Figure  3.21.  2-phase  CCD  operation  in  complete  and  incomplete  transfer 
modes.  The  mode  of  operation  is  determined  by  clock 
waveforms  and  amplitudes. 
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Figure  3.22.  Transfer  inefficiency  versus  clock  frequency  for 

64-stage  register  on  (100)  substrates  using  incomplete 
transfer  mode.  Curves  A and  B represent  operation  at 
10%  FAT  ZERO  while  C and  D represent  no  FAT  ZERO. 

Curves  B and  D represent  operation  with  similar  electrical 
drive  and  curves  A and  C represent  operation  at  similar 
electrical  drive  but  different  from  C and  D (after  30). 
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frequency  affect  the  transfer  inefficiency,  but  the  clock  waveform  can 
also  influence  the  charge  transfer  process. 

If  the  potential  under  the  sending  electrode  decreases  too  rapid- 
ly, the  signal  charge  has  insufficient  time  to  transfer  to  the  receiv- 
ing electrode,  and  can  be  injected  into  the  substrate  as  the  inversion 
layer  collapses,  or  can  be  transferred  backward  into  the  previous 
electrode  (88,  108,  114,  115).  To  eliminate  these  problems,  several 
techniques  such  as  overlapping  of  clock  pulses,  non -rectangular  wave- 
forms, variation  of  clock  pulse  voltages,  etc.,  have  been  employed. 

In  Figure  3.23,  transfer  inefficiency  versus  receiving  clock  pulse 
amplitude  is  shown  as  a function  of  clock  waveforms  at  100  kHz  and  at 
1 MHz.  For  moderate  clock  pulse  amplitudes,  clock  pulse  overlap  is 
beneficial,  and  slow  fall  times  assist  in  increasing  the  percentage  of 
signal  charge  transferred.  Figure  3.24  shows  the  effect  of  driving 
(clock)  pulse  amplitude  and  resting  potential  on  transfer  inefficiency 
for  1 MHz  and  10  MHz  clock  frequencies.  Figure  3.25  compares  the 
calculated  effect  of  drop  clocks  (Instantaneous  rise  time  and  no  over- 
lap) with  push  clocks  (finite  rise  time  and  no  overlap)  as  a function 
of  clock  frequency.  Push  clocks  are  shown  to  improve  the  accuracy  of 
the  signal  charge  packet  transfer  significantly,  at  least  at  reason- 
able clock  frequencies.  Since,  for  actual  CCD  circuits,  all  waveforms 
have  finite  rise  and  fall  times,  clock  pulse  overlap  has  been  investi- 
gated (86)  in  a more  realistic  situation  (Figure  3.26).  This  investi- 
gation shows  that  at  least  10  nanoseconds  of  pulse  overlap  is  required 
to  minimize  the  transfer  inefficiency  product. 

3. 2.3.4.  Process  related  effects.  Almost  every  process  step 
variation  can  influence  the  transfer  inefficiency  of  a CCD.  However, 
there  are  some  process  and  design  variations  which  significantly  change 
the  CCD's  ability  to  transfer  charge  efficiently.  Two  of  these  factors 
are  substrate  doping  and  electrode  length.  Substrate  doping  affects 
both  the  magnitude  of  the  transfer  inefficiency  at  low  clock  frequencies 
and  the  maximum  acceptable  clock  frequency.  In  general,  the  low  fre- 
quency transfer  inefficiency  factor  decreases  as  the  substrate  doping 
concentration  decreases.  Thus,  to  minimize  signal  charge  degradation 
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Figure  3.23.  Transfer  inefficiency  product  versus  clock  pulse  amplitude 
for  various  waveforms  at  100  kHz  and  1 MHz  (after  86). 


a) 


Figure  3.24. 


Transfer  inefficiency  product  versus  driving  pulse 
amplitude  (a)  and  resting  potential  (b)  (after  86). 
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Figure  3.25.  Calculated  transfer  inefficiency  versus  bit  rate  for 
2-phase  p-channel  overlapping  gate  CCD's  with  push 
clock  and  with  drop  clock  waveforms  indicated.  The 
oxide  thicknesses  are  assumed  to  be  0.32pm  and  0.12pm 
respectively  while  the  corresponding  gate  lengths  are 
taken  as  0.8pm  and  0.14pm  respectively.  In  the  push 
clocks  a 13  nsec  rise  time  is  assumed  (after  87). 


OVERLAP  (nsec) 

a)  Overlap  (at  the  half-voltage  point)  in  this  case  is  negative. 


b)  Crossing  point 


Figure  3.26.  Transfer  inefficiency  product  versus  clock  pulse  overlap 
(after  86).  Specific  examples  are  shown  in  the  inserts. 
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at  the  expense  of  high  frequency  capability,  high  substrate  doping 
concentrations  (10^  to  10^  cm  are  used.  If  maximum  frequency 
response  is  desired,  the  lowest  possible  substrate  doping  concentration 
(10^  to  1015  cm  "*)  are  used. 

Figure  3.27a  shows  the  minimum  fringing  field  at  the  center  of 
the  electrode  as  a function  of  substrate  doping  concentration  for  p- 
channel  2-phase  SCCD's  indicating  that  low  concentrations  maximize  the 
fringing  fields  and  thus  minimize  the  single  carrier  transfer  time 
(Figure  3.27b).  The  maximum  time  is  also  limited  by  the  thermal  time 
constant,  as  indicated  in  Figure  3.28.  It  is  not^  that  the  length  of 
the  electrode  controls  the  transfer  efficiency  and  tranter  speed.  If 
the  length  of  the  electrode  is  decreased,  the  charge  handing  capability 
decreases  but  the  single  carrier  transfer  time  also  decreases  because 
the  fringing  fields  increase.  Figure  3,29  illustrates  this  effect. 
Clearly,  for  high  speed  operation  the  electrodes  should  be  as  short  as 
practical.  However,  it  has  been  shown  that  interface  state  consider- 
ations limit  the  minimum  length  of  the  electrodes  to  about  5 pm  (116)^ 
Table  3.2  lists  transfer  inefficiency  at  1 MHz  for  n-channel  and  for 
p-channel  SCCD's  on  (111)  and  (100)  substrates  with  resistivity, 
orientation,  and  electrode  length  as  parameters.  The  effects  of  oxide 
thickness,  crystal  orientation,  and  clock  voltage  on  transfer  ineffi-  ^ 
ciency  have  also  been  calculated  (106). 

3.2.4.  Charge  trapping.  At  sufficiently  low  clock  frequencies 
(below  about  500  kHz),  the  transfer  efficiency  of  a CCD  which  is 
operating  in  a complete  transfer  mode  is  no  longer  limited  by  free 
charge  transfer  effects  but  by  charge  trapping  effects.  When  a charge 
packet  is  transferred  to  a potential  well  which  has  been  empty  for 
some  time,  empty  trapping  states  under  and  around  the  new  potential  ^0 
well  trap  some  of  the  charge  of  the  packet.  These  charges  are  emitted 
at  some  later  time,  depending  on  the  emission  time  constant  of  the 
state.  If  the  emission  time  is  short  enough  for  the  charge  to  return 
to  the  well  before  the  next  transfer,  the  transfer  efficiency  is  0 
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Figure  3.27.  Effect  of  substrate  doping  concentrations  on 
fringing  fields  (a)  and  single  carrier  transfer 
time  (b)  for  2-phase  surface  p-channel  CCD's 
(after  100). 
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Figure  3.28.  Time  required  to  achieve  e = 10  ^ versus  electrode 

length  as  a function  of  substrate  doping  concentration 
for  2-phase  p-channel  SCCD  (after  103). 
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Figure  3.29.  Transfer  inefficiency  versus  transfer  time  for  various 

electrode  lengths  for  3-phase  p-channel  SCCD’s  (after  20) 
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TABLE  3.2 
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Performance  of  the  Tested  Two-Phase  CCD  Registers 
at  I.jO  MHz  Clock  Frequency  (after  113) 


No. 

Substrata 

Chanaal 
Coof laaaaat 

Chanaal 

Uidth 

(alls(iiB)] 

Traostar  Loss 
Par  Cata 
With  20-301 
Fat  Zaro 

M 

s» 

(ca *-.v'1) 

Typ. 

Raaiatlvlcy 

(oha-ca) 

Orlaatatloo 

1 

n 

1.0 

111 

Thick  Oxida 

5.0(125) 

1.2.  x 10*4 

— 

1.2  x 10U 

2 

n 

1.0 

100 

Thick 

Oxida 

5.0(125) 

5.0  x 10"5 

2.9  x 10 10 

3 

n 

1.0 

100 

Thick 

Oxida 

1.0(25) 

1.0  x 10~4 

- 

4 

a 

1.0 

100 

Thick 

Oxida 

0.5(12.5) 

3.5  x 1Q~4 

- 

5 

a 

8-12 

100 

Oiffusioo 
Guard  Riat 

5.0(125) 

2.0  x 10'4 

- 

6 

P 

1.0 

100 

Thick  Oxida 

5.0(125) 

< 10‘4 

- 

7 

P 

1.0 

100 

Thick  Oxida 

0.5(12.5) 

2.0  x 10'4 

- 

8 

P 

25-50 

100 

Poly-Si 

Fiald 

Shlald 

5.0(125) 

3.0  x 10’4 

- 

9 

P 

25-50 

100 

Poly-Si 

Fiald 

Shlald 

0.5(12.5) 

1.2  x 10*5 

- 

10 

P 

1.0 

100 

Poly-Si 

Fiald 

Shlald 

5.0(125) 

1.2  x 10"4 

- 

11 

■ 

1.0 

100 

Poly-Si 

Fiald 

Shlald 

1.0(25) 

2.5  x 10-4 

- 

12 

■ 

30 

100 

Poly-Si 

Fiald 

Shlald 

5.0(125) 

1.8  x 10'4 

- 

13 

■ 

30 

100 

Poly-Sl 

Fiald 

Shlald 

1.0(25) 

DEVICES  1 Co  9 were  64-  and  128-stage  registers  with  0.4  oil  (10  pm) 
polysilicon  gates  and  0.2  oil  (5  pm)  aluminum  gates. 

DEVICES  10  to  13  were  300-stage  registers  with  0.3  mil  (7.3  pm) 
polysilicon  gates  and  0.1  nil  (2.3  pm)  aluminum  gates. 
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unaffected  by  the  trap.  However,  if  the  emission  time  is  long  enough 
so  that  the  charge  is  returned  to  the  inversion  region  after  the  charge 
packet  has  been  transferred,  the  charge  is  lost  to  the  charge  packet 
thereby  increasing  the  transfer  inefficiency  of  the  CCD.  Those 
carriers  trapped  in  states  having  re-emission  times  comparable  to,  or 
longer  than,  the  transfer  time,  will  form  a charge  residual  in  the 
following  packets.  States  with  extremely  long  re-emission  time  con- 
stants are  effectively  constantly  filled  and  do  not  affect  the  transfer 
inef ficiency.  Therefore,  the  interface  states  of  importance  are  those 
with  emission  time  constants  t ^ 1/mf  where  m is  the  number  of  phases. 
The  kinetics  of  charge  trapping  and  emission  are  described  in  terms  of 
the  Fermi-Dirac  probability,  modified  for  the  case  of  non-equilibrium 
energy  distribution  of  trapping  states,  and  the  details  of  the  electron 
interaction  with  the  interface  states  and  with  the  conduction  band. 
Phenomenologically,  these  are  described  by  capture  cross-sections  of 
the  states  for  trapping  and  emission  time  constants  for  re-emission. 

These  parameters  are  quite  process-dependent. 

One  of  the  main  differences  between  surface  channel  and  bulk 
channel  CCD’s  concerns  the  type  of  traps  which  are  predominant  in  each 
device.  Surface  channel  CCD's  have  the  charge  packet  confined  within 
the  first  100  nm  from  the  interface,  and  thus  are  mainly  concerned  with 
silicon-silicon  dioxide  interface  states  located  at  or  close  to  the 
actual  interface.  Since  the  charge  packet  of  a surface  charge  CCD  does 
not  occupy  significant  silicon  volume,  charge  trapping  by  bulk  trapping 
states  is  not  significant.  For  bulk  channel  CCD's,  the  charge  packet 
is  intentionally  prevented  from  interacting  with  the  interface  states, 
and  thus  is  trapped  only  by  bulk  silicon  trapping  states.  However, 
the  volume  per  unit  charge  in  a bulk  channel  CCD  is  greater  than  in 
a surface  channel  device  so  that  bulk  trapping  has  a relatively  larger 
effect. 

As  indicated  earlier,  to  diminish  the  effect  of  the  trapping  states, 
background  charge  or  FAT  ZERO  is  often  introduced,  especially  in  surface 
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channel  devices,  so  that  most  of  the  trapping  states  remain  filled  by 

the  background  charge.  The  signal  charge  packet  is  not  lost  to  empty 

trapping  states,  and  the  transfer  inefficiency  is  decreased.  To 

minimize  noise,  the  bias,  charge  must  be  injected  with  uniform  charge 

packets  and  with  sufficient  charge  (10  -50%  of  maximum  charge  capability) 

for  surface  channel  devices  - FAT  ZERO  - and  l’-IOZ  for  bulk  channel 

devices  - SKINNY  ZERO  - to  keep  most  of  the  trapping  states  full. 

However,  use  of  background  charge  gives  rise  to  edge  effects  because 

the  signal  charge  packet  physically  occupies  more  volume  than  does  the 

bias  charge.  Thus,  some  trapping  states  do  not  "see"  the  bias  charge, 

and  therefore  trap  charge  from  the  signal  charge  packet.  This  is 

illustrated  in  Figure  3.30  for  a SCCD.  In  (a)  the  hybrid  diagram  is 

shown  on  a cut  across  the  potential  well  while  (b)  shows  a cut  parallel 

to  the  channel.  The  amount  of  surface  area  in  contact  with  the  bias 

charge  is  approximately  W^L^,  while  that  in  contact  with  the  signal 

charge  is  approximately  W L . The  difference,  then,  is  effective  in 

s s 

trapping  signal  charge.  In  the  following  sections,  the  problems  of 
charge  trapping  will  be  discussed  in  more  detail  for  both  surface  and 
bulk  channel  CCD's. 

3. 2. 4.1.  Charge  trapping  in  SCCD's.  In  a surface  channel  CCD, 
trapping  by  the  interface  states  takes  place  instantaneously  upon  the 
contact  of  a charge  packet  with  empty  interface  states.  These  states 
are  assumed  to  be  continuously  distributed  throughout  the  energy  band 
gap.  The  re-emission  time  constants,  t , of  these  interface  states 
are  significantly  longer  and  are  assumed  to  increase  exponentially 
with  the  energy  of  the  trap  below  the  conduction  band  at  the  interface. 
The  Shockley-Read  model  and  rate  equations  are  normally  used  to  cal- 
culate trapping  effects  (10).  Figure  3.31  is  a schematic  represent- 
ation of  the  discharge  of  carriers  from  traps  and  the  effective  back- 
ward charge  flow.  Because  the  trapping  states  have  exponential  re- 
emission rates,  with  time  constants  dependent  on  energy  below  the 
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a)  Transverse  view  indicating  parallel  edge  regions 


b)  Longitudinal  view  indicating  perpendicular  edge 
regions 


Figure  3.30.  Hybrid  diagrams  of  SCCD  edge  regions  showing  the 
difference  in  area  exposed  to  bias  charge  and  to 
signal  charge  (adapted  from  ref,  9). 


DIRECTION  OF  CHARGE  TRANSFER 

a)  Two-phase  CCD 


DIRECTION  OF  CHARGE  TRANSFER 


b)  Three-phase  CCD 


Figure  3.31.  Schematic  representation  of  trapping  and  re-emission 
of  signal  charge  by  interface  states  (after  74). 


conduction  band,  the  shallow  traps  are  emptied  first  while  the  charge 
in  deeper  traps  require  considerably  more  time  to  empty.  This  effect 
is  illustrated  in  Figure  3.32  for  a digital  system  in  which  a group  of 
160  ZERO'S  (no  charge)  were  clocked  through  an  SCCD  before  a sequence 
of  five  ONE's,  two  ZERO'S  and  five  more  ONE's.  The  first  ONE  is  highly 
attenuated  due  to  the  high  density  of  empty  traps  following  the  long 
train  of  ZERO's.  A residual  charge  can  be  seen  behind  the  last  ONE 
^ue  to  the  slow  discharge  of  the  traps.  In  Figure  3.32b  the  effect  of 
background  charge  is  shown.  By  having  the  ZERO's  represented  by  10% 
of  the  ONE  charge  packet  size,  many  of  the  interface  states  are 
effectively  permanently  filled,  and  the  charge  loss  of  the  first  ONE 
is  significantly  decreased.  The  residual  charge  after  the  last  ONE  is 
also  somewhat  reduced.  The  effect  of  the  relative  size  of  the  FAT  ZERO 
has  been  investigated  for  two-phase  CCD's  (30)  and  for  three-phase 
CCD's  (26)  as  shown  in  Fig.  3.33.  It  is  seen  that  bias  charge  which 
is  a significant  fraction  of  the  maximum  handling  capacity  can  decrease 
the  transfer  inefficiency  of  surface  channel  CCD's  by  as  much  as  two 
orders  of  magnitude. 

Background  charge  is  not  able  to  compensate  completely  for 
trapping  centers  because  of  edge  effects  as  indicated  earlier 
(Fig.  3.30).  The  "perpendicular"  and  "parallel"  edges  are  found  to 
affect  transfer  inefficiency  differently  (117).  In  the  case  of  inter- 
face states  at  the  edge  perpendicular  to  the  channel,  the  signal 
charge  and  background  charge  flow  through  the  interface  region  during 
every  transfer.  The  interface  state  can  therefore  capture  carriers 
from  both  the  signal  charge  and  background  charge.  The  trapping 
and  re-emission  of  the  carriers  by  these  interface  states  is  similar 
to  that  under  transfer  gates.  For  edge  interface  states  parallel  to 
the  channel,  clocking  waveforms  affect  the  transfer  inefficiency  of 
two-phase  CCD's.  Drop  clocks  affect  the  charge  transfer  by  creating 
deeper  potential  wells  under  the  next  gates,  and  thereby  preventing 
the  background  charge  from  reaching  the  parallel  edge  region.  Thus, 
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Figure  3.32.  Output  pulses  of  two  groups  of  five  ONE’s  seperated  by 
two  ZERO’S,  after  a string  of  160  ZERO'S  for  a 256  bit  SCCD.  Operation 
is  shown  at  1 MHz  without  background  charge  (top)  and  with  10%  FAT  ZERO 
(Bottom) . 
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signal  charge  is  trapped  by  the  parallel  edges,  but  background  charge 
is  not.  Net  charge  trapped  from  the  signal  charge  increases  as  the 
number  of  FAT  ZEROS  preceeding  it  increases,  unlike  all  other  charge 
trapping  areas.  The  relative  potential  between  the  sending  and 
receiving  wells  is  not  as  great  during  the  actual  charge  transfer  with 
the  use  of  push  clocks  and  thus  the  FAT  ZERO  charge  covers  almost  the 
same  area  as  the  signal  charge  and  thus  diminishes  parallel  edge 
effects . 

Analyses  have  been  made  which  assume  that  interface  state 
density  and  capture  cross-sections  of  the  trapping  state  is  independent 
of  energy  (118-120).  However,  it  is  thought  that  the  interface  state 
density  increases  monotonically  and  the  capture  cross-section  of  the 
traps  decreases  very  rapidly  as  the  energy  approaches  the  energy  band 
edges  (121).  A detailed  analysis  is  difficult  since  the  actual 
variation  of  capture  cross-section  and  interface  state  density  with 
energy  is  not  well  understood.  Using  the  constant  cross-section  and 
density  approximations,  it  is  possible  to  develop  simple  expressions 
which  give  a rough  idea  of  the  effect  of  interface  states  on  transfer 
inefficiency.  For  zero  background  charge  the  transfer  inefficiency  can 
be  approximated  by  (119) 
qkTN 

* qq 

e = c~  in  (p+1)  (3.48) 

oxu?s 

where  N is  the  interface  state  density,  A(j>  is  the  change  Jn  the 
interface  potential  due  to  the  signal  charge,  and  p is  the  number  of 
phases.  This  case  describes  the  amount  of  charge  emitted  into  the 
first  ZERO  following  a series  of  ONE's.  To  take  into  account  the 
effect  of  bias  charge,  the  transfer  inefficiency  is  given  by 

qkTN 

eb  = Y *n  (p+1)  <3.49) 

OX  s 

where 


y = 1 - VAS 
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(3.50) 


and  Ag  is  the  area  occupied  by  the  signal  packet,  and  is  the  area 
occupied  by  the  background  charge.  Of  obvious  importance  in  minimizing 
the  interface  state  contribution  to  transfer  inefficiency  is  the 
requirement  to  keep  Ngs  as  low  as  possible.  Typical  interface  state 
densities  calculated  from  measured  transfer  inefficiencies  are  approxi- 
mately 1 x 10^  cm  2 eV  1 for  (111)  orientation  and  2 x 10  ^ to  a low 
of  1 x 10^  cm  2 eV  ^ for  (100)  orientatior  (26,  30). 

3. 2. 4. 2.  Charge  trapping  in  BCCD’s.  Bulk  channel  CCD's  are 
designed  to  eliminate  interface  trapping  problems  and  thus  show 
similar  but  smaller  charge  trapping  effects  than  surface  channel 
devices  (18).  The  bulk  silicon  trapping  states  are  then  important. 

They  are  assumed  to  be  described  by  discrete  energy  levels  in  the 
energy  band-gap  and  to  obey  the  Shockley-Read-Hall  model.  Using 
various  assumptions,  an  equation  has  been  derived  (122)  which  gives 
the  amount  of  trapped  charge  emitted  into  the  first  trailing  empty 
well  after  a string  of  charge  packets, 

-1/mf  t -1/ f t 

AQ '=  qN  V^e  C 6 [1  - e C e]  (3.51) 

where  N is  the  concentration  of  bulk  traps,  and  is  the  volume 
occupied  by  the  signal  charge.  An  example  of  the  attenuation  of  the 
first  ONE  and  the  charge  residual  in  the  first  ZERO  is  shown  in 
Figure  3.34  with  0 % and  10%  FAT  ZERO.  Comparing  this  figure  with 
Fig.  3.32  for  an  equivalent  surface  channel  device,  a lesser  first 
ONE  attenuation  and  a lesser  first  ZERO  charge  residual  are  evident 
for  bulk  channel  devices. 

In  general,  the  performance  of  bulk  channel  CCD’s  is  less 
affected  by  trapping  than  an  equivalent  surface  channel  CCD  because  of 
the  relatively  low  density  of  bulk  trapping  states.  Bulk  channel  CCD's 
show  significantly  less  signal  degradation,  particularly  in  the 
absence  of  background  charge.  Figure  3.33  shows  that  the  improvement 
of  the  first  ZERO  with  background  charge  is  slight  while  somewhat 
greater  improvement  is  seen  in  the  first  ONE  with  increasing  FAT  ZERO. 
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Transfer  efficiency  in  bulk  channel  devices  is  limited  at  sufficiently 
low  clock  frequencies  by  volume  edge  effects,  similar  to  the  surface 
edge  effects  discussed  for  surface  channel  devices.  The  volume  which 
the  charge  packet  occupies  varies  strongly  with  the  size  of  the  charge 
packet  (Fig.  2.9)  and  thus  the  use  of  background  charge  results  in  a 
much  smaller  relative  improvement  than  in  surface  channel  devices.  In 
Figure  3.35,  the  theoretical  spatial  extent  of  the  charge  packet  and 
the  charge  loss  on  the  first  ONE  is  plotted  as  a function  of  charge 
packet  size. 


1 


CHARGE  DEFICIT  IN  LEADING  EDGE  (pC) 


3.3.  Dark  Current 


Dark  current  refers  to  the  output  of  a CCD  in  the  absence  of  charge 
injection  - either  electrical  injection  at  the  input  gate  or  optical 
injection  in  the  interior  of  the  CCD.  It  is  convenient  to  discuss  this 
in  terms  of  current  into  a given  potential  well.  Dark  current 

produces  charge  in  a potential  well  and  thus  reduces  the  charge  handling 
capabilities  and  increases  the  minimum  clock  frequency  and  the  minimum 
signal  detectable.  This  latter  restriction  is  particularly  important 
in  imaging  devices.  Since  dark  current  is  generated  thermally  - a 
random  process  - it  also  contributes  to  noise. 

Dark  current  is  a result  of  electrons  being  excited  from  valence 
band  to  conduction  band  - either  directly  or  in  a multi-step  process. 

The  multi-step  process  predominates  in  indirect-gap  material  such  as 
Si.  Electrons  which  contribute  to  the  dark  current  are  generated  at 
the  SiC^/Si  interface,  in  the  Si  depletion  region  and  in  the  bulk  Si. 
They  are  generated  via  states  within  the  Si  forbidden  gap  and  the 
generation  rate  depends  on  the  density  and  energies  of  these  states 
as  well  as  on  the  form  of  the  electron  wave  functions  in  these  states. 
Since  these  are  not  well  known,  the  generation  rate  is  usually  described 
phenomenologically  in  terms  of  the  effective  lifetimes  of  the  minority 
carriers. 

Gross  defects  such  as  precipitates  can  result  in  localized  regions 
with  extremely  short  lifetimes.  If  such  a defect  should  occur  within 
a diffusion  length  of  a given  potential  well,  that  well  will  be  filled 
almost  instantaneously.  Such  a "spike"  makes  the  CCD  unusable. 

Electrons  (in  a p-type  substrate)  which  are  generated  within  a 
diffusion  length  of  the  depletion  region  contribute  to  dark  current. 

The  generation  rate  for  this  process  is 


n 


where  n^  is  the  equilibrium  electron  density  in  the  p-type  Si,  and 
is  the  electron  lifetime  in  this  region  and  depends  on  the  defect 
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concentration.  Since  n ■ Ni  /N,  where  Ni  is  the  electron  concen- 

P A 

tration  in  intrinsic  Si  and  N^  is  the  net  acceptor  concentration, 

8 = C3.53) 


N.t 
A n 

The  dark  current  density  Jn<jf lowing  into  a potential  well  from  the 
bulk  Si  is  then 


nb 


qNi2Lr 

N.t 
A n 


(3.54) 


Si  can  be  regularly  produced  with  tr  large  enough  so  that  this  contri- 
bution to  dark  current  is  normally  negligible  in  comparison  to  other 
sources.  Electron  generation  at  the  Si  surface  via  interface  states 
and  in  the  depletion  region  via  trap  states  are  major  sources  of  dark 

currents.  Carriers  generated  within  the  depletion  region  are  normally 
considered  to  obey  the  Sah-Noyce-Schockley  model  where  the  generation  rate  is 


Ni 

2t 


(3.55) 


n 


where  tr  now  represents  the  electron  lifetime  in  the  depletion  region 
and  is  inversely  proportional  to  the  trap  concentration.  The  current 
density  flowing  into  a well  from  electron  generation  in  the  depletion 
region  is  then 


NiX, 

j = £ 

8 2t- 


(3.56) 


Since  the  depletion  width,  X^,  is  a function  of  the  charge  in  the  well, 
the  dark  current  decreases  with  increasing  signal  charge  at  a fixed 
gate  voltage. 

The  carrier  generation  rate  at  the  interface  depends  on  the  number 
and  characteristics  of  the  interface  states  as  well  as  their  occupancy. 
This  contributes  to  the  dark  current  then,  is  time  dependent  and  is  a 
function  of  past  history.  It  can  be  reduced  by  the  use  of  a FAT  ZERO. 


To  reduce  the  dark  current  the  interface  state  and  bulk  trap  state 
densities  must  be  reduced.  The  densities  of  these  states  depend  on  the 
starting  material  and  on  processing  conditions  and  thus  can  vary  widely 
from  manufacturer  to  manufacturer,  from  wafer  lot  to  wafer  lot  and  even 
from  wafer  to  wafer  within  a lot.  As  discussed  in  chapter  2,  numerous 
process  steps  have  been  devised  to  minimize  these  effects.  These 
include  HC1  oxidations,  heavy  ion  implantation  on  the  backside  of  tue 
wafers,  phosphorus  gettering  processes.  For  impurities  such  as  copper, 
iron,  gold,  etc.,  which  segregate  out  at  lattice  dislocations,  processes 
have  been  developed  to  reduce  the  dislocation  densities.  These  include 
low  temperature  processing,  and  slower  pull  rates  from  high  temperature 
furnaces.  Another  technique  is  to  create  a high  dislocation  density 
on  the  wafer  backside  near  the  end  of  the  processing  to  attract  the 
segregated  impurities  to  the  backside  and  away  from  the  active  surface. 

Even  with  all  of  these  techniques,  dark  currents  at  room  temperature  can 

2 2 
range  from  as  low  as  5 nA/cm  to  as  high  as  several  hundreds  of  nA/cm  . 

In  addition,  the  dark  currents  are  rarely  uniform  and  create  pattern 

noise  in  CCD's. 
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3.4.  Noise 


A limitation  of  CCD's  results  from  the  degradation  • noise  of  the 
information  contained  in  the  charge  packets.  Noise  consi  ts  of  a 
non-predictable  variation  of  the  voltage  output.  Except  for  that 
noise  generated  in  the  detection  circuits,  the  output  noise  power  is 
proportional  to  the  variance  of  the  charge  in  the  packet  being 
detected.  It  is  thus  convenient  to  discuss  noise  in  CCD's  in  terms 
of  the  variance  in  the  number  of  electrons,  or  in  the  charge,  of  a 
given  well 


(An’)2 


(n'  - n'  )‘ 
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(3.57a) 


(3.57b) 


Since  each  capacitor  is  charged  through  a finite  resistance,  the 

stored  charge  is  a function  of  the  Nyquist  or  Johnson  noise  associated 

with  that  resistance.  Consider  the  circuit  of  Fig.  3.36a.  The  Norton 

equivalent  circuit  is  shown  in  Fig.  3.36b  where  the  equivalent  noise 

current  generated  in  the  frequency  range  df  is  giyen  h.y  i where 

n ni 


i 2 = 


(3.58) 


The  noise  voltage  on  the  capacitor  in  the  range  df  is  then 


v = i | Z | 
n n 1 1 


where  Z I = 


i 0 9 7 

l +w  zirc' 


(3.59) 


(3.60) 


over  the  total  frequency  range 
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which  integrates  t-o 

2 = kT 

Vn  C’ 


(3.62) 
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Since 


AQ'  - C'v  (3.63) 

n n 

AQ^  *-  kTC ' (3.64) 

and 

An'  = -\JkTC'  (3.65) 
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At  room  temperature 


i 

i 


» 


An'  % 400  V C^~  (3.66) 

where  is  the  capacitance  in  picofarads. 

In  addition  to  this  basic  noise  associated  with  each  capacitance, 
noise  is  generated  by  fluctuations  in  the  input  signal  - either  elec- 
trical or  optical  - , fluctuation  in  dark  current,  and  fluctuation  in 
transfer  efficiency.  There  is  also  noise  associated  with  signal 
detection  and  amplification  (125).  These  noise  sources  are  illustrated 
schematically  in  Figure  3.37. 

3.4.1.  Electrical  injection  noise.  Electrical  injection  noise 
results  from  a fluctuation  in  the  size  of  the  injected  charge  packet 
for  a given  signal  input  voltage.  In  addition  to  the  capacitance  noise 
just  discussed,  there  is  shot  noise  present  since  the  charge  is  usually 
injected  over  a potential  barrier.  Excess  noise  is  also  introduced. 

Its  magnitude  depends  on  the  method  used  to  inject  charge  (Section  2.5.1, 
Figure  2.25).  For  the  dynamic  current  injection  method,  imperfect 
control  of  the  pulse  width  causes  noise  in  addition  to  the  noise 
resulting  from  the  fluctuations  in  voltage  levels  and  the  charge  source. 
In  the  gate  cutoff  method,  the  inaccuracy  of  the  gate  voltage  pulse  and 
the  division  of  charge  under  the  gate  electrode  during  turn-off  between 
the  diode  and  first  potential  well  creates  noise.  Using  the  various 
potential  equilibration  methods,  thermal  fluctuations  of  the  charge 
retained  in  the  metering  well  with  capacitance  C’  should  be  between 
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2kTC^/3  and  kTC^/2  depending  on  the  time  for  equilibratic  Fluctuations 
due  to  voltage  pulses  can  be  eliminated  by  holding  G1  at  a constant 
voltage.  Figure  3.38shows  experimental  data  of  the  improved  potential 
equilibration  method. 

3. A. 2.  Generation  noise.  Because  electron  generation  resulting 
in  dark  current  is  a random  process,  it  contributes  to  noise.  This  is 
shot  noise  and  the  considerations  of  shot  noise  apply.  If  there  are 
n^  (dark)  electrons  generated  in  a given  well  the  variance  in  nj  is 


(An-)2  - „• 

or  the  variance  in  the  charge  in  the  packet  is  then 

(AQd>2  = qQd 


(3.67) 


(3.68) 


Since  the  variance  is  additive,  the  generation  noise  at  the  output  of 
a register  of  n stages  is 


(AQt 
a n 


(3.69) 


where  Ql.  is  the  dark  charge  generated  in  the  i'th  well, 
dl 

Since  Q'  increases  with  time,  so  does  the  generation  noise, 
di 

Thus,  devices  such  as  imagers  with  long  integration  times,  and  cyclic 
shift  registers  for  use  in  large  memory  arrays  are  extremely  sensitive 
to  this  type  of  noise  and  their  limits  of  opera  .ion  are  determined  by 
the  generation  rate  of  dark  current.  To  decrea  se  this  dark  current 
noise,  imagers  are  sometimes  cooled. 

In  an  imaging  device,  the  arrival  of  photons  is  a random  process 
and  so  shot  noise  is  associated  with  the  signal.  Letting  n^^  and 
represent  the  number  of  signal  electrons  and  the  signal  charge 
in  a given  well,  respectively,  as  for  dark  current  noise, 
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Figure  3.38.  Input  noise  for  Improved  potential  equilibration  method  (after  127) 
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3.4.3.  Transfer  noise.  There  are  several  noise  mechanisms  involved 
with  transferring  charge  along  a shift  register.  These  involve  the 
inherent  noise  associated  with  charging  a capacitor,  noise  due  to 
incomplete  dharge  transfer,  and  noise  involving  trapping  and  emission 
from  interface  states  and  from  bulk  trap  states. 

During  each  charge  packet  transfer,  some  charge  is  left  behind. 

If  this  amount  could  be  controlled  exactly,  the  transfer  would  be 
noiseless,  but  the  remnant  charge  depends  on  signal  size  as  well  as  device 
parameters,  and  exhibits  random  fluctuations,  thus  introducing  noise. 

A correlation  exists  between  adjacent  charge  packets  because  charge 
lost  from  one  packet  is  picked  up  by  following  charge  packets.  Indi- 
vidual charge  packets  therefore  have  two  fluctuations  in  size  because 
of  loss  of  charge  to  following  packets  and  pickup  of  charge  from 
preceding  packets.  The  spectral  densities  of  transfer  and  storage 
noise  have  been  calculated.  Assuming  that  the  fluctuations  in  each 
transfer  are  independent,  neglecting  incomplete  transfer  effects,  and 
assuming  frequencies  limited  to  below  the  Nyquist  limit  of  fc/2,  the 
following  equations  were  derived  for  transfer  noise  spectral  density 

(116)  

AQ'2f 

(f)  = 4n  — (1  - cos2iTf/f  ) (3.72) 

tr  q c 

and  for  storage  noise  spectral  density 


* 


2 2 

where  n is  the  number  of  transfers  and  AQ'  and  AQ'  _ a e the  mean 

tr  st 

square  fluctuations  in  the  transfer  and  storage  charge  pickets  respect- 
ively. While  the  storage  noise  spectral  density  is  const  nt  with 
frequency  as  expected,  the  transfer  noise  spectral  density  is  suppressed 
for  low  frequencies  and  enhanced  for  high  frequencies. 

If  ne  is  not  much  less  than  1,  or  in  the  case  of  significant 
transfer  inefficiency,  there  is  an  intermixing  of  the  charge  packets 
and  their  noise  as  they  move  through  the  CCD.  This  has  been  shown 
(123,  124)  to  lead  to  a reduction  in  the  noise  components.  The  noise 
produced  during  the  end  of  the  transfer  cycle  is  the  least  suppressed 
and  thus  the  most  important.  From  this  overall  view,  there  are 
several  sources  of  transfer  noise  which  will  be  discussed  in  more  detail. 

3. 4. 3.1.  Incomplete  transfer  noise.  In  C4D's  and  other  two-phase 
process-induced  barrier  CCD's  operation  in  an  incomplete  transfer  mode 
where  part  of  the  charge  packet  is  left  behind  because  of  a potential 
barrier  is  possible.  Variations  in  the  channel  conductance,  emission 
of  carriers  across  the  barrier  and  direct  feedthrough  of  clock  noise 
have  been  considered  (123,  124).  Using  a MOSFET  model,  the  transfer 
noise  fluctuations  are  given  by 

AQ'2=-fkTC'  (3.74a) 

tr  j s 

for  charge  retained  on  the  source  (where  C is  the  source  capacitance) 

s 

or 
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(3.74b) 


in  the  final  stages  of  transfer  where  the  discharge  process  becomes 
emission  limited.  The  frequency  of  operation  determines  which  equation 
is  valid.  Estimating  the  effect  of  clock  variations. 
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where  is  the  gate-to-source  capacitance. 

3. 4. 3. 2.  Interface  state  noise.  For  surface  channel  evlces  (and 
some  bulk  channel  devices  with  relatively  large  charge  pactcets) 
functioning  in  the  complete  charge  transfer  mode,  the  dominant  noise 
source  is  the  fluctuation  in  the  occupancy  of  the  interface  states  or 
traps  (119,  125).  It  is  shown  that  only  those  states  with  re-emission 
time  constants  on  the  order  of  the  transfer  time  contribute  significantly 
to  the  noise.  Assuming  the  usual  exponential  relation  between  the 
emission  probability,  and  integrating  overall  possible  energy  levels 


= q kTA  N Jin  2 
s ss 


(3.76) 


where  A is  the  area  of  the  electrode  under  which  the  interface  states 
s 

are  filled  and  the  interface  state  density,  N , is  assumed  to  be 

s s 

constant  with  respect  to  energy.  The  expression  is  time  or  frequency 
independent  if  the  density  of  states  is  assumed  to  be  continuous  with 
energy.  Using  this  expression,  a signal-to-noise  power  ratio  for  each 
individual  charge  packet  can  be  obtained  (9) 
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Combining  equation  3.76  with  Eq.  3.72,  the  noise  power  spectrum  for 
properly  filtered  signals  is 
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(3.78) 


This  expression  has  been  verified  experimentally  (57,  126,  127)  and 
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interface  state  densities  of  1 x 10  cm  eV  were  estimated  for  an 
overlapping  3-phase  electrode,  (100),  n-channel  CCD,  Figure  3.39 
illustrates  the  spectral  distribution  of  transfer  noise  measured  on 
this  device  at  1 MHz. 

3.4.3. 3.  Bulk  trap  noise.  For  bulk  channel  devices,  the  bulk 
traps  introduce  transfer  noise.  Since  the  trap  levels  are  assumed  to 
be  discrete,  the  noise  associated  with  the  k'th  level  should  be  fre- 
quency dependent  and  peak  at  frequencies  on  the  order  of  the  reciprocal 
of  the  emission  time  constant  t.  . Summing  over  all  discrete  trap 


levels,  the  total  transfer  noise  of  a bulk  channel  is  give  by  (122) 

aq2  = 2nq^Vg  V exp(-t/ib  ) [1-exp (-t/Tfe  )j  (3.79) 

^t,  4—  Ck  k k 

\ 

where  Vg  represents  the  volume  occupied  by  the  charge.  It  is  seen 
that  with  decreasing  signal,  Vg  decreases  with  a corresponding  decrease 
in  bulk  trapping  noise. 

The  bulk  trap  levels  and  concentrations  are  not  well  understood 

nor  controlled.  In  many  devices,  however,  levels  at  0.25  and  0.54  eV 

below  the  conduction  band  are  found  to  be  major  contributors  to 

trapping  noise.  Concentrations  of  these  traps  were  found  to  vary  from 

10  -3  12  -3 

batch  to  batch  between  5 x 10  cm  and  1 x 10  cm  (128) . Gold 

has  been  identified  as  a major  source  of  noise  (129),  It  is  to  be 
noted  that  Au  has  an  energy  level  0.54  eV  below  the  conduction  band  in 
Si,  but  no  level  corresponding  to  0.25  eV. 

Figure  3.40  presents  measured  surface  channel  transfer  noise  data 
versus  calculated  bulk  channel  transfer  noise  and  illustrates  the 
theoretical  improvement  in  transfer  noise  for  bulk  channel  devices. 
Calculated  bulk  channel  data  was  used  since  the  data  was  below  the  limit 
of  the  test  equipment  which  was  approximately  200  electrons.  More 
recently,  values  as  low  as  10-100  noise  electrons  (depending  on  signal 
charge  and  clock  frequency)  have  been  measured  in  BCCD's  (128). 

3.4.4.  Signal  detection  noise.  The  above  noise  sources  can  be 
reduced  by  cooling  and  by  the  use  of  appropriate  geometry  and  input 
methods.  The  noise  associated  with  interface  trapping  can  be  elimin- 
ated by  the  use  of  BCCD's.  In  such  cases  the  predominant  noise  is 
associated  with  the  detection  and  output  circuitry.  Typical  output 
methods  use  either  a floating  diffusion  or  floating  gate  to  detect  the 
presence  of  charge.  In  either  case,  the  floating  element  must  be 
periodically  reset  to  some  potential  so  that  the  next  charge  packet 
can  be  accurately  sensed.  The  noise  introduced  by  this  resetting  is 
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a)  as  function  of  clock  frequency  using  measured  surface  channel  data 
from  256  elements,  3-phase  device  versus  calculated  bulk  channel 
data  with  two  trap  levels. 


b)  as  function  of  size  of  charge  packet  using  measured  surface  channel 
data  versus  calculated  bulk  channel  data. 


a ' • I"tal  transfer  noise  for  bulk  versus  surface  channel 

'CD's  (after  57). 
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the  thermal  noise  of  the  MOS  channel  resistance  in  parai:  1 with  the 
floating  diffusion  capacitance;  or  the  thermal  noise  of  t resistance 
through  which  the  floating  gate  is  reset  (125).  In  order  o achieve 
low  values  of  reset  noise,  on-chip  preamplifiers  are  often  used  in 
conjunction  with  filters,  and  the  reset  MOSFET  is  operated  in  saturation 
since  the  triode  mode  provides  excessive  noise  due  to  the  partitioning 
of  the  channel  charge  between  the  floating  output  node  and  the  reset 
voltage  supply  (57).  A theoretical  study  of  optimum  detection  methods 
has  been  made  using  various  filtering  and  integration  techniques  origi- 
nally developed  for  nuclear  electronics  (9). 

Considering  techniques  which  have  been  implemented,  correlated 
double  sampling  (66,  130)  removes  the  switching  transients  at  the 
detection  node  and  eliminates  the  reset  noise.  This  method  also 
suppresses  surface  state  and  1/f  noise  contributions.  However,  the 
signal  is  derived  from  a subtraction  of  two  measurements  which  leads  to 
a loss  of  a factor  of in  signal-to-noise  ratio.  A rms  detection 
noise  of  135  electrons  has  been  reported  using  a 64-element  linear 
image  sensor  operating  at  fc  = 50  kHz  with  output  capacitance  of  0.25 
pf. 

Floating  gate  amplifiers,  as  described  in  chapter  2,  yield  low 
noise  values  because  of  the  small  total  capacitance  of  the  detection 
node  and  because  the  reset  noise  can  be  avoided.  The  noise  measured 
experimentally  in  a 12-stage  distributed  floating  gate  amplifier  at 
1 MHz  was  approximately  10  to  50  rms  electrons  which,  because  of  the 
vr  or  \Jl 2 noise  improvement,  theoretically  results  in  about  50  rms 
electrons  per  individual  state  (72,  75).  It  is  thought  that  the 
sampling  rate  could  be  increased  to  about  7 MHz  without  altering  the 
signal  or  noise  level.  It  is  speculated  that,  with  a cooled  distri- 
buted floating  gate  amplifier  with  enough  stages,  a single  electron 
could  be  detected. 

3.4.5.  Comparison  of  noise  sources.  A comparison  of  the  relative 
importance  of  the  various  noise  sources  has  been  made  which  also 
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illustrates  the  differences  between  SCCD's  and  BCCD's  (127).  Table 

3.3  illustrates  experimental  results  for  256-element  CCD's  clocked 

2 

at  1 MHz  with  an  active  electrode  area  of  6000  ym  . It  is  seen  that 
dark  current  noise  is  larger  in  BCCD's  than  in  SCCD's  (because  of  the 


larger  depletion  region  width) . In  all  other  categories  the  noise 
in  BCCD's  is  smaller  or  eauivalent  to  that  in  SCCD's. 


TABLE  3.3 


Measured  Noise  Levels  In  256-Element  CCD 
At  1 MHz  Clock  Frequency  (in  electrons) 


(Active  Element  Area  200  x 30 
(after  127) 

pm  ) 

Noise  Source 

Noise  Equivalent 
Signal  in  SCCD 

Noise  Equivalent 
Signal  in  BCCD 

Electrical  Insertion  Noise 
of  Background  Charge  (FAT 
ZERO) 

750 

Not  Required 

Electrical  Insertion  of  the 
Signal  Charge 

750 

750 

Optical  Injection  of  1 pC 
of  Signal  Charge 

2800 

2800 

Trapping  Noise 

(H 

ss 

700-1000 

- 1 - 2 x 109cm“2eV" 

<200 

*> 

Dark  Current  Noise 

160 

320 

On-Chip  Amplifier  Reset 
Noise  Cq  = 0.7  pF 

^330 

^330 

Pulser  Noise  with  Off-Chip 
Preamplifier 

440 

440 

Pulser  Noise  with  On-Chip 
Preamplifier 

<30 

Maximum  Signal  in  Electrons 
for  V = 14  V 

40  x 104 

20  x 104 

P 
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3.5.  Power  Dissipation 

One  advantage  of  CCD's  is  their  low  power  dissipation  due  to  the 
absence  of  quiescent  currents  while  the  charge  packets  are  stored  in 
the  potential  wells.  This  fact  becomes  particularly  significant  in 
large  area  systems  such  as  memories.  Power  is  consumed  by  recirculation 
and  refreshing  circuits  in  memories.  During  the  actual  charge  trans- 
fer, some  power  is  dissipated  in  the  bulk  silicon  to  move  the  mobile 
carriers  into  potential  wells,  but  most  of  the  power  is  dissipated  in 
switching  the  electrodes  between  clock  potentials.  This  is  mainly 
reactive  power  depending  on  the  design  of  the  drivers.  In  many  CCD 
chips,  more  of  the  power  is  dissipated  in  the  associated  peripheral 
MOS  circuitry  than  in  the  CCD  section  itself.  First-order  calculations 
have  been  made  for  the  internally  dissipated  power  and  the  external 
power  (9,  131,  132). 

When  internal  power  dissipation  occurs,  the  carriers  are  moving 
through  a crystal  lattice  and  are  reacting  with  the  lattice.  Power 
is  dissipated  because  of  the  motion  of  the  charge  packet  and  similarly 
due  to  the  motion  of  the  majority  carriers  which  must  move  to  change 
the  depletion  widths.  If  majority  carriers  come  from  adjacent  electrode 
areas  as  the  potential  well  is  shifted  through  the  array,  then  the 
majority  carriers  move  in  the  opposite  direction  to  the  motion  of 
the  potential  well.  Since  the  depletion  width  decreases  as  signal 
minority  carriers  increase,  the  magnitude  of  majority  carrier  decreases 
with  increasing  signal  charge. 

The  motion  of  the  charge  carriers  has  been  idealized  by  assuming 
that  a CCD  could  be  approximated  by  a traveling -wave  device  of  veloc- 
ity v (131) . Assuming  that  the  carrier  velocity  is  constant  (v  = fX) 
where  X is  the  wavelength  and  f is  the  operating  frequency,  then  the 
lower  limit  of  the  dissipated  power  required  to  move  a signal, 
charge  is 
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p 


(3.80) 


- QW2/v  - Q^xV/u 

where  p is  the  mobility.  If  no  signal  charge  is  present,  then  only 
the  majority  carriers  move  and  must  fill  AQ  - AX^N^  locations  where 
AXd  is  the  change  in  the  depletion  width.  So  similarly, 

P - AXdNAv2/uB  - AXdNAX2f2/;.B  (3.81) 

where  p„  is  the  bulk  mobility  since  the  change  in  the  depletion  width 

O » 

occurs  in  the  bulk.  The  mobility  p in  Eq.  3.80  is  the  mobility  of  the 
free  carriers  in  the  channel,  i.e.  surface  mobility  for  surface 

channel  devices  and  Pg  for  bulk  channel  devices. 

Another  way  of  representing  the  power  dissipated  as  signal  charge 
moves  through  the  array  is  to  calculate  the  energy  dissipated  in  moving 
charge  over  a potential  step  A<f>s  into  a deeper  potential  well.  Consi- 
dering an  n phase  device,  an  upper  bound  to  the  power  dissipated  is 

P - nf  Q* A4>  (3.82) 

c n s 

Since  the  potential  considerations  change  for  CCD's  with  different 
number  of  phases,  equation  3.82  must  be  modified  accordingly.  For 
two-phase  devices,  as  charge  fills  the  potential  well,  the  effective 
barrier  height  changes.  For  three-phase  and  properly  clocked  four- 
electrode  two-phase  devices,  the  situation  is  different  since  the 
initial  charge  starts  to  move  before  the  total  potential  well  has 
formed  and  thus  moves  through  a smaller  potential  difference.  These 
devices  should  more  closely  approximate  the  power  dissipation  of  the 
traveling-wave  case. 

Finally,  there  is  sizeable  reactive  power  associated  with  the 
charging  and  discharging  of  the  electrodes  during  each  clock  cycle. 

The  actual  amount  of  power  dissipated  depends  on  the  design  of  the 
driver  since  most  of  the  reactive  power  is  dissipated  in  a resistive 
driver,  while  much  less  reactive  power  would  be  dissipated  in  a tuned 
LC  driver.  Assuming  a resistive  driver  design  and  an  electrode 
capacitance  C'(£  C^x  for  high  resistivity  substrates),  then  the  dissi- 
pated power  in  the  clock  circuits  is  given  by 
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Roughly,  the  Internal  dissipation  for  normal  size  deylces  range  from 
low  nW  range  to  low  pW  range  per  cell.  Depending  on  the  driver  design, 
clock  power  is  normally  in  the  range  of  tens  of  pW  per  cell. 


4.  CIRCUITS 


4.1.  Digital  Circuits 

4.1.1.  Digital  Memories.  Although  CCD's  are  basically  ana’ og  devices, 
they  can  also  be  optimized  for  digital  applications  with  the  addition  of 
signal  regenerators  to  periodically  restore  the  internal  signal  levels. 

The  characteristics  and  performance  features  of  digital  memories  using 
this  concept  is  discussed  in  this  chapter. 

Section  '2.6  of  this  report  describes  the  signal  regenerator  used  in 
digital  CCD  circuits.  This  signal  regenerator  principle  is  the  key  to 
digital  operation  of  CCD  circuits  since  signal  degradation  due  to  charge 
transfer  inefficiency,  and  signal  level  shifting  due  to  leakage,  both 
result  in  loss  of  ability  to  detect  binary  signals  after  the  signal  has 
passed  through  many  stages  of  CCD  circuitry  (29,48,64,68,78-82,95,150,151). 
Many  large  digital  CCD  circuits  will  require  signal  regeneration,  and 
regeneration  techniques  cannot  be  neglected  in  digital  CCD  development. 

The  CCD  device  is  basically  a serial  transfer  circuit  and  when  used 
as  a memory,  it  is  almost  always  used  as  a serial  memory.  However, 
within  the  realm  of  serial  memories  there  are  many  possible  organizations 
of  the  device  bit  structure. 

4. 1.1.1  Memory  organizations,  a)  Serpentine  organizations.  The 
serpentine  serial  memory  organization  (Fig.  4.1)  was  the  concept  which 
received  the  initial  effort  in  digital  CCD  memory  development  since  it 
naturally  evolves  from  the  basic  serial  analog  delay  line.  In  this 
organization  the  signal  regenerators  (R)  regenerate  the  binary  informa- 
tion after  a number  of  transfers  (48,78,80,95,151,152).  In  a memory 
organization  of  this  type,  the  maximum  storage  on  the  CCD  integrated 
circuit  is  no  longer  limited  by  analog  considerations  such  as  charge 
transfer  efficiency  and  dark  current  but  is  limited  only  by  the  maximum 
chip  size  which  can  be  processed  with  usable  yield. 

A current  example  of  a serpentine  organization  (48)  is  a 4160  bit 
C4D  serial  memory.  The  organization  of  this  chip  is  shown  in  Fig.  4.2. 

The  chip  consists  of  4160  C4D  cells  divided  into  two  2080  bit  halves. 


169 


Since  C4D  technology  requires  only  two  phases,  the  opportunity  was 
taken  to  alternate  the  $ and  <p^  clocks  on  the  two  halves  of  the  chip 
thereby  doubling  the  effective  frequency  of  operation  using  a multi- 
plex-like  technique.  For  instance,  on  one  half  of  the  chip  the  input 
and  output  occur  on  4^  whereas  on  the  other  half  they  occur  on 
Thus  two  bits  of  data  enter  or  leave  the  chip  on  each  clock  cycle. 

Since  the  multiplexing  consists  of  only  two  paths,  the  multiplexing  and 
demultiplexing  circuits  are  extremely  simple. 

This  serial  memory  has  an  output  tap  every  130  bits  for  a total  of 

32  outputs.  Accordingly,  at  an  input  data  rate  of  3,2  MHz  (clock  frequency 

of  1.6  MHz)  the  maximum  access  time  to  any  bit  is  81  microseconds. 

Internally,  the  data  is  refreshed  every  65  bits.  At  the- end  of  each 

half  of  the  chip  the  data  is  regenerated  and  delivered  back  to  the  input 

for  continuous  recirculation  until  new  data  is  written  into  the  memory 

from  an  external  source.  Even  though  the  C4D  transfer  efficiency  is 

only  99.8  to  99.9%  per  transfer,  at  data  rates  below  2 MHz,  the  refresh 

after  every  65  bits  results  in  adequate  digital  performance.  Tests  on 

the  fabricated  circuit  indicated  acceptable  performance  of  data  rates 

from  2 KHz  to  3.2  MHz  at  25°C.  The  power  required  to  operate  this 

circuit  was  0.5  ywatt  per  bit  at  100  KHz  data  rate  to  16  ywatts  per  bit 

2 

at  the  3.2  MHz  data  rate.  The  chip  layout  occupies  an  area  of  4.6  mil 
per  bit.  A basic  disadvantage  of  this  design  is  the  necessity  of 
external  addressing  of  each  of  the  32  output  taps  in  order  to  achieve 
the  80  microsecond  bit  access  time.  An  additional  disadvantage  of  this 
design  is  that  the  output  taps  do  not  decrease  the  write  access  time. 

The  maximum  access  time  to  address  a particular  bit  for  writing  new 
data  is  1300  microseconds,  which  is  prohibitive  in  many  applications. 

b)  Loop  organizations.  A typical  loop  serial  memory  organization 
is  shown  in  Fig.  4.3.  This  organization  is  also  known  as  Block 
Addressing  or  Line  Addressing  and  includes  many  of  the  features  of  the 
serpentine  organization  with  the  added  feature  that  the  logic  required 
to  address  a particular  line  or  track  of  CCD  storage  elements  is 
integrated  on  the  CCD  storage  chip,  This  greatly  reduces  the  quantity 
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of  external  circuits  required  to  address  the  memory.'  This  organization 
also  reduces  the  write  access  time  since  the  read  and  write  circuits 
on  the  chip  are  both  addressed  by  the  same  decoder . 

A current  example  of  a loop  organization  is  an  8192  bi  serial 
memory  (153).  This  memory  is  divided  into  32  tracks  of  256  bits  each, 
with  access  to  any  track  through  an  on-chip  decoder  for  reading  or 
writing.  The  organization  of  each  track  of  this  device  is  illustrated 
in  Fig.  4.4.  Each  track  is  a recirculating  loop  consisting  of  two  rows 
of  128  bits  each.  Each  row  is  further  broken  down  into  sections  of 
31  or  32  bits,  each  with  regeneration  between  each  of  these  sections. 

The  relatively  small  number  of  stages  between  regenerations  was  selected 
to  provide  good  low  clock  frequency  performance.  This  chip  was 
designed  and  processed  with  a 2 phase  2 level  polysilicon  gate  n-channel 
CCD  process.  The  power  required  for  this  circuit  is  30  pwatts  per  bit 

at  1 MHz  clock  frequency  and  0.6  pwatts  per  bit  at  20  KHz  clock  frequency. 

2 

The  chip  layout  occupies  an  area  of  3.6  mils  /bit. 

Another  current  example  of  a loop  or  line  addressed  serial  memory 
(154)  is  presented  in  Fig.  4.5.  This  memory  has  four  sections  of  32 
lines  each,  with  each  line  consisting  of  128  bits.  Each  section  of 
4096  bits  has  its  own  decoder,  recirculation  loop,  data  input-output 
circuits  and  charge  regeneration  circuit  from  32.  Figure  4.5  illus- 
trates only  one  of  the  4096  bit  sections.  The  other  3 sections  are 
identical.  This  circuit  is  processed  with  an  isoplanar,  n-channel, 
silicon-gate,  buried  channel,  implanted  barrier,  and  is  unique  in  that 
only  one  clock  is  required  for  operation.  The  phase  is  operated  by  a 
DC  voltage.  The  circuit  is  designed  so  that  the  clocks  may  be  stopped 
for  a period  of  time  determined  by  the  minimum  minority  carrier  storage 
time  in  the  circuit.  This  clock  stopping  provision  allows  synchronization 
of  the  circuit  to  a data  rate  other  than  the  basic  clock  frequency  and 
also  to  reduce  power  dissipation.  In  tests  of  this  circuit,  the  clock 
has  been  stopped  for  periods  in  excess  of  100  ysec.  at  room  temperature 
while  still  retaining  data.  The  maximum  access  time  to  any  bit  in 
this  design  at  a 5 MHz  bit  rate  is  25.6  psec.  The  chip  size  is 
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Figure  4.5.  Basic  organization  of  a 16,384  bit  loop  organized  serial 
memory  (after  154) . 


Figure  4.6.  A typical  serial-parallel-serial  memory  organization. 


2 

2.7  mil  per  bit.  The  primary  reason  for  this  small  chip  size  Is  the 
reduced  number  of  regeneration  circuits.  In  this  approach  only  one 
regeneration  circuit  is  used  for  every  4096  bits  while  most  other 
reported  designs  utilize  one  regenerator  for  every  32  to  500  b ts. 

One  major  disadvantage  of  this  design  is  the  necessity  for 
periodically  cycling  through  all  32  line  addresses  to  refresh  the 
memory.  This  refresh  is  required  for  conventional  MOS  dynamic  random- 
access  memories.  The  refresh  requires  additional  external  logic  and 
reduces  the  amount  of  time  that  the  memory  is  available  for  memory  access 
operations. 

c)  Serial-parallel-serial  organization.  A schematic  of  a typical 
serial-parallel-serial  (SPS)  memory  (9)  is  shown  in  Fig.  4.6.  In  this 
memory  the  data  is  transferred  into  and  out  of  the  memory  at  the  full 
data  rate  by  the  input  and  output  serial  registers  at  the  top  and  bottom 
of  the  figure,  which  serve  as  data  multiplexer  and  de-multiplexer, 
respectively.  However,  the  majority  of  the  storage  occurs  in  the  verti- 
cal serial  .registers  which  transfer  data  at  a slower  rate.  For  example, 
in  a 64  by  64  array,  if  the  input  data  rate  is  1 MHz  the  vertical 
registers  will  be  operating  at  a rate  of  only  1/64  of  1 MHz  or  approx- 
imately 16  KHz.  Therefore,  according  to  the  power  dissipation  equation 
previously  presented,  the  basic  power  requirement  for  such  a register 
would  be  about  1/64  the  power  required  for  a simple  serial  register 
operating  at  a data  rate  of  1 MHz.  This  power  reduction  is  one  of  the 
key  features  of  the  SPS  organization. 

Another  feature  is  the  reduction  of  the  number  of  transfers 
required  to  pass  a bit  of  data  through  the  memory  since  each  bit  of  data 
does  not  transfer  through  the  entire  memory  as  it  does  in  a simple 
serial  register.  In  the  64  by  64  SPS  array  example  above,  the  total 
number  of  transfers  of  any  bit  from  the  register  input  to  the  register 
output  would  be  n(2  x 64)  = 128n,  where  n is  the  number  of  phases  used 
per  stored  charge  packet.  Since  data  degradation  resulting  from  trans- 
fer inefficiency  is  greatly  reduced  due  to  the  significant  decrease  in 
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total  number  of  transfers  from  input  to  output,  fewer  charge  regenera- 
tion circuits  are  required.  The  resulting  chip  is  therefore  smaller  as 
compared  with  a simple  serial  register. 

There  are  three  major  disadvantages  of  this  organization.  First  is 
the  long  access  time,  which  is  identical  to  the  access  time  of  a simple 
serial  register.  The  maximum  access  time  for  a 64  by  64  SPS  register 
operating  at  1 MHz  would  be  4.1  msec,  which  is  prohibitive  in  many 
applications.  This  access  time  can  be  reduced  by  combining  the  SPS 
organization  with  the  loop  organization  resulting  in  a chip  organized 
as  a multiplicity  of  smaller  SPS  registers  which  can  be  individually 
accessed. 

The  second  disadvantage  of  the  SPS  organization  is  the  more 
complex  clock  requirement  (155).  (Clocks  are  now  required  for  both  the 
fast  and  slow  registers). 

Third  is  the  fact  that  since  each  bit  of  data  does  not  flow  through 
each  storage  element,  variation  in  dark  current  across  the  chip,  or 
local  defects,  can  contribute  different  dark  currents  from  one  parallel 
vertical  path  to  the  other.  This  increases  the  noise  level  of  the 
detector,  or  charge  regenerator  input,  and  increases  the  difficulty  of 
the  detector  in  distinguishing  between  a logic  1 and  logic  0. 

4.1. 1.2.  Nonvolatile  CCD  memories.  In  some  memory  applications, 
a nonvolatile  memory  is  required,  that  is,  a memory  that  will  retain 
its  stored  data  when  the  power  supplies  and  clocks  are  turned  off, 
either  to  conserve  power  or  because  of  power  outage.  All  semiconductor 
memories  are  volatile  unless  they  are  designed  to  be  nonvolatile.  Non- 
volatile semiconductor  memories  always  require  special  design  techniques 
or  technology.  Examples  of  these  are  the  fusible  link  and  avalanche 
induced  migration  bipolar  technologies,  and  the  floating  gate  avalanche 
injection  and  MNOS  MOS  technologies. 

In  CCD  technology,  the  nonvolatile  technique  which  has  received 
the  most  investigation  is  the  MNOS  structure.  In  this  technology  a 
very  thin  layer  of  silicon  dioxide,  usually  less  than  5nm  thick  is 
grown  on  silicon  while  50  to  lOOnm  of  silicon  nitride  (Si^N^)  is 


deposited  over  the  SiC^  layer.  A conventional  gate  conductor  Is  then 
deposited  over  this  structure.  By  biasing  the  gate  conductor  at  a 
relatively  high  potential,  charge  from  the  silicon  substrate  or  an 
inversion  layer  can  be  moved  to  the  interface  between  the  sill  on 
dioxide  and  silicon  nitride.  This  trapped  charge  results  in  a change 
in  the  MOS  device  threshold  which  can  be  distinguished  from  the  normal 
device  threshold.  In  this  manner,  the  normal  device  threshold  can  be 
defined  as  a logic  0,  and  the  modified  device  threshold  can  be  defined 
as  a logic  1,'  or  vice  versa,  so  that  a digital  memory  bit  is  created. 

The  device  can  be  erased  by  applying  the  opposite  polarity  bias  to  the 
gate  conductor  so  that  the  interface  charge  moves  back  into  the  silicon 
and  the  device  threshold  returns  to  its  original  value.  By  this  technique 
it  is  possible  to  create  a digital  memory  which  will  retain  its  stored 
states  for  years. 

In  the  CCD  nonvolatile  NMQS  memory,  as  in  many  conventional  MNOS 
memories,  an  additional  mechanism  is  also  used  to  control  the  MNOS 
charge  storage.  Since  the  CCD  device  utilizes  charge  packets  to  store 
information,  reading  the  charge  packet  in  the  silicon  is  used  to  deter- 
mine whether  or  not  charge  is  stored  in  the  MNOS  interface. 

There  are  several  ways  of  implementing  the  MNOS  structure  in  CCD 
memories.  One  is  to  place  the  MNOS  structure  directly  over  the  charge 
transfer  channel  of  the  device  (156) . This  technique  is  represented  in 
Fig.  4.7a  where  the  dotted  areas  are  the  MNOS  gates.  The  bit  pattern 
to  be  stored  in  the  MNOS  devices  is  transferred  to  the  proper  position 
in  the  CCD  memory  using  normal  techniques.  The  bit  pattern  is  then 
written  into  the  MNOS  device  by  raising  the  voltage  of  the  MNOS  gate 
electrodes  to  a high  value  (20-30V) . Where  the  cell  contains  a charge 
packet,  the  voltage  drop  is  primarily  across  the  insulator.  The  high 
insulator  field  pulls  charge  to  the  MNOS  interface  where  it  is  stored. 
Where  the  cell  does  not  contain  a charge  packet,  much  of  the  voltage 
drop  in  the  MNOS  device  is  in  the  silicon  depletion  region,  and  the  field 
in  the  MNOS  insulator  is  too  low  to  pull  charge  to  the  MNOS  interface. 
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The  information  is  read  out  by  filling  the  entire  CCD  structure  with 
charge.  The  voltage  on  the  CCD  electrodes  is  then  reduced,  and  charge 
is  driven  into  the  silicon  substrate  at  the  MNOS  sites  which  have  charge 
stored  in  the  MNOS  insulator.  Those  MNOS  sites  which  do  not  h ve  charge 
stored  in  the  MNOS  insulator  retain  the  filled  charge.  The  CCD  charge 
packets  can  then  be  transferred  through  the  memory  in  the  normal  manner 
for  reading. 

An  improved  technique  (157)  is  illustrated  in  Fig.  4.7b  and  4.8. 
in  this  case,'  the  information  is  transferred  in  the  CCD  memory  by  the 
normal  procedure  (Figure  4.8a).  The  charge  is  then  transferred  lat- 
erally to  the  MNOS  devices  (Figure  4.8b),  while  a high  voltage  (20-30V) 
is  applied  to  the  MNOS  gate  conductor.  Where  charge  is  present  in  the 
silicon  substrate,  the  MNOS  insulator  field  is  high,  and  charge  is 
moved  to  the  MNOS  insulator,  where  it  is  stored.  The  absence  of  CCD 
charge  results  in  a low  MNOS  insulator  field  and  in  zero  MNOS  insulator 
charge  storage  (Figure  4.8c).  The  memory  is  then  filled  with  charge. 
However,  charge  is  only  retained  under  the  MNOS  gates  where  the 
insulator  does  not  contain  MNOS  stored  charge  (Figure  4.8d).  For 
readout,  the  conditional  charge  stored  in  the  silicon  under  the  MNOS 
device  is  laterally  transferred  back  to  the  CCD  device  where  it  is 
transferred  through  the  memory  in  the  normal  manner  (Figure  4.8e). 

Note  that  in  both  of  these  cases,  the  readout  logic  states  are  the  com- 
plement of  the  input  states. 

The  speed  of  the  read  and  write  can  be  improved  by  using  the  more 
complicated  organization  (158)  presented  in  Figure  4.7c.  Here  the  MNOS 
storage  elements  are  isolated  from  the  CCD  channels  with  gates  so  that 
data  can  be  read  into  or  out  of  the  transfer  register  while  the  MNOS 
storage  sites  are  being  written  or  erased.  Excess  charge  from  a write 
operation  is  transferred  to  the  diffused  bus,  and  charge  for  reading 
can  also  be  taken  from  this  bus.  This  organization  is  less  dense  than 
the  previously  described  approaches. 

Test  structures  of  from  3 to  64  bits  have  been  fabricated  and  tested 
using  all  three  of  these  approaches.  However,  no  commercial  devices 
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Figure  4.8.  Combined  CCD/MNOS  structure  illustrating  the  Read/Write 
technique  for  the  logic  ONE.  Case  (left  column)  and  the 
logic  ZERO  case  (right  column),  (after  157). 

a)  Presence  or  absence  of  inversion  layer  under  the  CCD 
electrode  (this  is  the  state  to  be  written  into  the 
memory  bit) . 

b)  Transfer  of  inversion  layer  charge,  if  present,  to  the 
MNOS  capacitor. 

c)  Gate  stress  results  in  conditional  transfer  of  charge 
to  the  MNOS  interface. 

d)  For  readout,  charge  is  only  retained  under  the  MNOS 
electrode  if  charge  was  not  tunneled  to  the  MNOS 
interface  in  step  c. 

e)  Conditional  charge  transfer  back  to  CCD  for  readout. 
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are  available,  probably  for  the  same  reasons  that  few  conventional  MOS 
MNOS  memory  devices  are  commercially  available.  Nitride  storage  structures 
with  reproducible  electrical  characteristics  are  very  difficult  to  manu- 
facture, and  degradation  mechanisms  such  as  permanent  charge  trapping 
in  the  MNOS  insulator  exi3t,  which  must  be  better  understood  b :fore  the 
devices  are  commercially  viable. 

4. 1.1. 3.  Two-dimensional  CCD  arrays.  Since  most  CCD  devices  have  a 
one-dimensional  signal  flow  resulting  from  an  essentially  linear 
organization  pf  the  array,  most  of  the  devices  described  in  this  paper 
utilize  this  concept.  The  serpentine  and  loop  organizations  described 
in  this  section  all  utilize  an  essentially  one-dimensional  organization 
where  each  storage  cell  communicates  with  only  one  of  its  adjacent 
neighbor  cells.  The  serial-parallel-serial  organization  is  a special 
case  of  a two-dimensional  array  where  a cell  can  communicate  with  two 
adjacent  neighbor  cells  in  a very  structured  manner.  The  two  dimension- 
al concept  can  be  expanded  so  that  a cell  can  communicate  with  several 
of  its  neighbor  cells  in  a fairly  general  manner  (159)  as  illustrated 
below. 

The  general  two-dimensional  concept  is  illustrated  in  Figure  4.9 
where  each  cell  can  communicate  with  each  of  its  adjacent  neighbors, 
even  those  which  require  a reverse  flow  of  charge  as  indicated  by  the 
double  arrows.  The  shift  direction  is  controlled  by  selecting  the 
appropriate  clocking  sequence.  Using  the  original  3-phase  CCD  concept, 
this  array  would  require  5 separate  clock  phases  and  would  be  difficult 
to  lay  out. 

An  extension  of  the  2-phase  CCD  concept  suggests  the  2-dimensional 
array  shown  in  Figure  4.10,  where  the  hatched  areas  are  potential 
barriers  that  give  the  cells  their  directionality.  The  number  in  each 
storage  cell  indicates  the  clock  phase  to  which  the  electrode  is 
connected.  The  minimum  number  of  clock  phases  that  provide  full 
freedom  of  selecting  the  direction  of  transfer  is  three,  but  charge 
can  only  be  transferred  in  two  orthogonal  directions  due  to  the  poten- 
tial barrier.  However,  the  array  layout  is  denser  than  the  array  in 
Fig.  4.9  due  to  the  reduction  in  the  number  of  clock  bus  lines. 
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The  arrays  described  are  the  densest  organizations  possible  since 
all  electrodes  are  identical  and  because  it  is  possible  to  perform  the 
two-dimensional  switching  operation  in  each  cell.  Many  applications 
may  not  require  this  flexibility  and  an  arrangement  as  shown  in  Figure 
4.11  can  be  used.  In  this  array,  only  the  special  cells  "S"  perform 
the  two-dimensional  switching  function.  Ordinary  linear  transfer  cells 
are  located  between  the  "S"  cells.  A mass  serial-parallel  converter 
might  use  this  organization  where  the  direction  of  signal  flow  is 
again  determined  by  the  clock  phase  sequence. 

There  are  of  course  many  other  forms  of  two-dimensional  arrays 
which  are  possible  (159)  for  use  in  signal  processing  and  imaging 
applications. 

4.1.2.  Logic  Arrays.  Logic  functions  in  CCD  arrays  can  be  per- 
formed by  providing  the  capability  for  CCD  charge  packets  to  interact 
with  one  another.  If  these  logic  functions  can  be  performed  while 
retaining  the  processing  simplicity  and  layout  density  inherent  in  CCD 
devices,  the  concept  will  be  useful  in  CCD  arrays. 

It  is  obvious  that  logic  can  be  performed  in  CCD  arrays  with 
circuits  similar  to  those  which  are  used  for  charge  regeneration, 
address  decoding,  and  output  buffering.  One  concept  proposed  (82)  was 
the  connection  of  the  two  regeneration  gates  to  the  sensing  diffusion 
of  the  two  charge  transfer  channels.  These  regenerators  would  be 
connected  either  in  series  or  parallel  determining  whether  a charge 
packet  would  be  injected  into  the  output  channel,  and  thus  performing 
a logical  NAND  or  NOR  function.  This  approach  is  essentially  the  same 
as  the  well-known  standard  NAND  and  NOR  functions  performed  by  MOS 
logic  using  conventional  MOS  technology  and  does  not  fully  utilize 
the  high  density  of  CCD  technology. 

Direct  charge  packet  interaction  can  also  be  used  to  perform  logic 
A proposed  method  of  accomplishing  this  is  the  use  of  a metering 
potential  well  to  determine  the  presence  of  more  than  one  charge  packet 

The  layout  of  a 2-phase  CCD  logic  gate  which  can  perform  AND  and 
OR  logic  is  shown  in  Figure  4.12  (117,160,161).  The  dashed  lines 
represent  conventional  CCD  potential  barriers.  In  this  illustration, 
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Figure  4.11.  A two-dimensional  organization  with  only  one  switch  point 
per  cell. 
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Figure  4.12.  Organization  of  charge  transfer  electrodes  to  perform 
binary  logic  (after  161). 
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electrodes  El,  E2,  and  E4  are  connected  to  the  <(>  clock  and  electrodes 
E3  and  E5  are  connected  to  the  <t>9  clock.  The  ''lock  pulses  assume  p- 
channel  devices.  When  is  high,  the  charge  under  electrodes  El  and 
E2  is  transferred  to  the  potential  well  under  E3.  The  barrier  between 
E3  and  E4  prevents  charge  transfer  between  the  E3  and  E4  electrodes. 

If  it  is  assumed  that  both  El  and  E2  contain  a logic  ONE  (are  filled 
with  charge),  then  the  potential  well  under  E3  fills  up  and  the  extra 
charge  spills  into  the  potential  well  under  E5.  If  either  El  or  E2 
contains  a ONfe,  the  potential  well  under  E3  fills  up,  but  there  is  no 
extra  charge  to  spill  into  E5.  Thus,  E5  contains  a ONE  only  when  both 
inputs  are  ONE’s.  The  array  thus  performs  an  AND  function. 

When  <J>^  is  low,  no  charge  transfer  occurs  between  E3  and  El,  and 
E2  or  E5,  due  to  the  presence  of  the  potential  barriers.  However, 
the  charge  due  to  a logic  ONE  under  E3  is  transferred  to  E4  and  drained 
away,  and  the  gate  is  primed  for  the  next  operation. 

This  logic  gate  also  performs  an  OR  function.  The  OR  function 
output  is  obtained  from  electrode  E4,  which,  as  described  above,  receives 
any  charge  contained  in  E3  when  is  low.  E4  will  therefore  receive 
a logic  ONE  whenever  either  El  or  E2,  or  both,  are  a logic  ONE. 

Multiple  cells  of  this  type,  when  properly  connected,  can  produce 

multiple-input  AND,  OR  or  combined  functions.  With  slight  modification, 

they  can  also  perform  threshold  logic  functions  (9) . When  cells  of  this 

type  are  combined  with  regenerator  or  inverter  circuits,  arithmetic 

operators  such  as  adders  and  multipliers  can  be  obtained  (162) . An  esti- 

2 

mate  of  a 4x4  multiplier  indicated  that  it  would  occupy  about  1000  mil 
of  chip  area  and  require  290  pW  of  power  at  a clock  rate  of  1 MHz. 

The  combinational  logic  functions  which  have  been  described  here 
utilize  the  inherent  high  density  of  CCD  technology.  However,  several 
disadvantages  exist.  First,  the  incoming  information  is  destroyed  so 
that  signals  cannot  be  fanned  out  to  several  logic  inputs.  Second,  and 
along  the  same  line  as  the  first  disadvantage,  they  lack  gain  which  also 
limits  fannout.  To  drive  several  logic  inputs,  a charge  packet  would 
require  subdivision  or  regeneration.  Third,  the  proper  transfer  of  charge 
in  a logic  array  with  complex  interconnections  would  be  extremely 
difficult  without  regeneration.  Fourth,  there  is  no  known  way  to  form 
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the  complementary  operation,  l.e.  Inversion  without  the  use  of  regenera- 
tors. All  of  these  disadvantages  limit  the  density  which  can  be 
obtained  with  CCD  logic  arrays. 

- 4.2.  Analog  Circuits 


4.2.1.  Analog  Delay.  The  three  basic  functions  of  analog  signal 
processing  with  CCD  devices  are  analog  time  delay,  multiplexing  and 
filtering.  Filters  can  be  further  subdivided  into  recursive  filters 
and  transversal  filters.  However,  all  of  these  analog  applications  rely 
on  the  fact  that  CCD  devices  provide  accurate,  clock-controlled  time 
delays  of  analog  signals. 

Most  of  the  information  needed  for  the  design  and  evaluation  of 
CCD's  for  analog  delay  applications  has  been  previously  presented  in 
this  report  and  therefore,  only  a summary  of  analog  delay  using  CCD's 
will  be  made  here. 

The  maximum  theoretical  delay  bandwidth  product,  T^B,  of  a CCD 
delay  line  with  one  signal  channel  containing  N elements  or  unit  cells  is 


f 

c 

2 


N 

2 


(4.1) 


c 

where  fc  is  the  clock  frequency  and  fc/2  is  the  Nyquist  frequency  - the 
maximum  theoretical  signal  bandwidth.  The  maximum  number  of  stages 
through  which  the  signal  can  be  transferred  without  incurring  additional 
loss  in  bandwidth  due  to  transfer  inefficiency  is  determined  by  the 
transfer  inefficiency  per  stage,  e,  and  the  number  of  phases,  p.  An 
expression  for  the  inherent  frequency  response  of  a circuit  with  n 
elements  is  (95,164) 


R(f)  = exp[-Npe(l  - cos  2trf  / f c)  ] (4.2) 

A plot  of  this  equation  is  seen  in  Fig.  4.13  for  different  values  of 
Npe.  Equation  4.2  and  Figure  4.13  correspond  to  Equation  3.14  and 
Figure  3.9  respectively  with  the  number  of  stages  n replaced  by  Np. 

An  evaluation  of  Eq.  4.2  indicates  that  the  amplitude  response  of  a 
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Therefore 


CCD  delay  line  Is  reduced  by  approximately  3db  when  Npe  = 0.2. 
by  substitution,  the  upper  limit  for  T^B  can  be  defined  as 


T.B 

d 


0.2 

2pc 


-4 

For  a typical  value  of  e = 10  in  a 2 phase  device, 


(4.3) 


T ,B  = 500 
d 


and  the  maximum  number  of  stages  permitted  in  one  signal  channel  is 
2(1^)  = 1000  for  this  value  of  e. 

Equation  4.2  and  the  curves  of  Figure  4.13  assume  that  e is  not 
a function  of  the  time  interval  between  charge  packets.  Actually,  this 
second  order  effect  should  be  considered  since  the  amount  of  charge 
that  is  left  behind  during  each  transfer  depends  on  the  intervals  of 
time  between  the  filling  of  interface  states  which  depend  on  the 
frequency,  f,  of  the  input  signal.  It  was  shown  0-19)  that  in  the 
worst  case 


Zn(^4^  + 1) 

£(f)  = £n  £n (p  + 1) 


(4.4) 


where  is  the  transfer  inefficiency  measured  at  the  Nyquist  frequency 

f = f / 2.  The  application  of  this  correction  to  equation  4.2  would  cause 



a downward  displacement  of  the  center  of  the  curves,  although  the  end 
points  would  remain  unaltered. 

The  delay  limitations  described  above  can  be  reduced  by  using  the 

multiplexed  CCD  configuration  (Fig.  4.14)  with  M parallel  channels.  In 

theory  this  configuration  allows  the  T ,B  product  to  be  increased  M times 

a 

since  the  total  number  of  transfers  of  any  charge  packet  is  reduced  by 
the  factor  M. 

An  expression  for  the  inherent  frequency  response  of  an  N element 
analog  CCD  incorporating  multiplexing  with  M parallel  channels  as  shown 
in  Fig.  4.14  is  (165) 


R(f)  = exp[~N^£ (1  - cos  2nMf / f )] 

M C 
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Figure  4.14.  Multiplexed  CCD  delay  line  (after  165). 
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Figure  4.15.  Frequency  response  of  a multiplexed  CCD 
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A plot  of  this  equation  is  seen  in  Figure  4.15  for  the  case  with  M = 4, 
and  is  compared  on  the  same  plot  with  the  response  of  the  single  channel, 
non-multiplexed  case.  Both  curves  are  plotted  assuming  Npe  = 0.2.  In 
most  applications,  the  major  reason  for  not  allowing  the  high  frequency 
CCD  response  to  decrease  beyond  3db  compared  to  the  low  frequency  response 
is  that  high  frequency  attenuation  of  the  signal  causes  dispersion  of 
the  signal.  It  can  be  seen  in  Figure  4.15  that  since  the  multiplexed  CCD 
has  a significantly  better  high  frequency  response  than  the  non-multiplexed 
CCD,  much  less  signal  dispersion  would  result  from  the  former  case. 

However,  when  viewed  in  the  time  domain,  the  dispersion  or  smearing  of 
signal  charge  in  the  multiplexed  case  will  show  a trailing  signal  M 
sample  intervals  after  the  primary  signal.  Thus,  if  a multiplexed  CCD 
were  used  to  delay  a video  signal,  a bright  spot  would  give  rise  to  a 
ghost  M samples  away. 

The  major  problem  with  multiplexed  CCD  delay  lines  is  the  matching 
of  the  gain  and  leakage  in  the  M parallel  channels.  A very  slight  im- 
balance in  either  of  these  parameters  will  give  rise  to  periodic  fixed 
pattern  noise.  Another  problem  is  that  the  clock  frequency  of  the  signal 
channels  will  be  1/M  times  lower  than  it  would  be  for  the  non-multiplexed 
case.  This  lower  clock  frequency  is  then  likely  to  be  in  the  signal 
frequency  range  and  cannot  be  eliminated  by  filtering. 

A multiplexed  CCD  analog  delay  line  with  10  parallel  channels, 
each  64  bits  long  was  used  to  delay  color  TV  bandwidth  signals  (166) . 
Adequate  color  TV  bandwidth  was  achieved  by  sampling  at  either  10.7  MHz 
or  14.3  MHz,  i.e.  three  and  four  times  the  color  subcarrier.  Phase 
behavior  was  good,  passing  good  color  TV  chrominance  signals.  The 
measured  and  predicted  frequency  response  of  this  device  are  shown  in 
Figure  4.16  for  the  case  where  8 channels  of  this  device  are  multi- 
plexed. The  periodic  valleys  in  the  frequency  response  are  as  predicted 
by  equation  4.5.  The  falling  response  with  frequency  is  caused  by  the 
finite  width  of  the  input  sampling  window  which  was  not  taken  into 
account  in  the  predicted  curve.  The  effect  of  differential  channel 


Vv» 


leakage  was  negligible  In  this  device  due  to  the  high  frequency  and 
resulting  low  time  delay.  There  was  also  negligible  fixed  pattern  noise. 

The  performance  characteristics  of  many  analog  CCD  devices  have 
been  described  In  the  literature  (86,167-169,176).  Two  examples  of 
operating  analog  CCD  devices  will  be  described  here. 

For  video  delay  applications,  a 128  element  buried  channel  device 
was  fabricated  (170) . This  circuit  used  a 2-phase  aluminum-polysilicon 
gate  process.  This  device  achieved  a 4 MHz  bandwidth  at  a 10  MHz  clock 
rate  and  was  .operable  with  clocks  up  to  20  MHz.  A signal-to-noise  ratio 
of  42  dB  was  demonstrated  and  a good  quality  television  picture  was 
obtained  after  being  delayed  by  this  device. 

A later  device  (178)  was  a four  phase  double  overlapping  gate  N- 
channel  buried  channel  circuit  with  130  stages  using  an  aluminum  gate 
process.  This  device  was  operated  at  data  rates  up  to  105  MHz  and 
transfer  efficiency  in  excess  of  0.999  per  stage  was  measured.  It  is 
believed  that  this  device  might  be  operable  to  at  least  200  MHz  with 
an  improvement  in  the  test  circuitry  since  charge  transfer  efficiency  did 
not  degrade  as  the  frequency  was  increased. 

The  maximum  delay  which  a CCD  analog  delay  line  can  provide  is 
limited  mainly  by  the  dark  current  (leakage  current)  (179) . The  dark 
current  causes  the  least  problems  in  applications  where  the  transfer 
frequency  is  constant,  since  the  same  amount  of  charge  is  added  to 
each  charge  packet  during  each  transfer.  The  major  limitations  in 
this  case  are  a decrease  in  the  operating  dynamic  range  of  the  device 
and  the  noise  added  to  the  signal.  When  the  transfer  frequency  is  not 
constant,  a "chirp"  will  appear  in  the  signal.  This  is  the  case  for 
delay  time  - axis  conversion  (2)  or  in  signal  buffers  where  the  read-in 
and  read-out  frequencies  are  different. 

One  significant  potential  application  for  CCD  delay  is  as  a replace- 
ment for  the  ultrasonic  delay  line  now  used  in  the  PAL  System  TV 
receiver  (180).  The  chroma  signal  requires  a 64  usee  delay  with  a band- 
width of  1 MHz.  If  the  4.4  MHz  local  oscillator  in  the  PAL  system  is 
used  to  generate  2.2  MHz  clocks,  then  141  delay  stages  are  needed. 
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Since  the  ultrasonic  delay  line  is  selling  for  about  $1.00,  CCD  cannot 
compete  at  this  price  and  if  CCD  are  to  replace  it,  they  will  probably 
have  to  be  integrated  with  other  functions  in  the  receiver  such  as 
synchronous  demodulation  and  color  difference  matrixing  to  be  competitive. 

Another  application  for  CCD  delay  lines  is  scan  conversion  (180). 

As  an  example,  in  infrared  imaging  systems,  the  infrared  detectors  scan 
the  scene  with  a horizontal  sweep,  and  the  output  of  each  detector  is 
clocked  into  a CCD  capable  of  storing  an  entire  display  line.  When  the 
entire  display  frame  is  stored  in  the  bank  of  CCD  delay  lines,  the 
CCD's  are  read  out  sequentially  and  the  video  has  the  proper  format  to 
be  displayed  on  a standard  CRT.  Two  banks  of  CCD  delay  lines  are  used  - 
while  one  is  being  loaded,  the  other  supplies  video  to  the  CRT  display. 

CCD's  are  limited  in  these  applications  to  storage  times  of  less  than 
100  milliseconds.  This  excludes  some  applications  which  require  storage 
times  of  seconds,  but  the  standard  525  line  TV  system  frame  time  of 
33  msec  is  within  this  limit.  Storage  times  can  be  extended  beyond  100  msec 
by  cooling  the  CCD  device  to  decrease  the  dark  current. 

Time  axis  equalization  in  both  audio  and  video  playback  is  another 
important  application  because  a clock  controlled  variable  delay  is 
required.  The  time  axis  compression  of  speech  signals,  without  frequency 
distortion  to  increase  the  playback  word  rate  without  the  "Donald  Duck" 
effect  is  another  time  axis  application  in  this  same  category. 

Gated  analog  delay  can  be  used  in  moving  target  indicators  in 
radar  applications.  In  this  application,  the  return  signal  from  one 
pulse  is  subtracted  from  the  return  signal  from  a subsequent  pulse.  In 
this  way,  stationary  targets  are  not  seen  and  only  moving  targets  are 
indicated.  A similar  technique  can  also  be  used  to  remove  "ghosts"  from 
TV  signals. 

Arrays  of  analog  delay  lines  can  be  used  in  radar,  sonar  and  scann- 
ing applications  for  beam  forming,  electronic  focusing  and  beam  steering. 
This  is  also  of  interest  in  medical  applications, 

4.2.2.  Multiplexing.  The  multiplexing  to  be  discussed  in  this 
section  should  be  differentiated  from  the  multiplexing  discussed  in  the 


previous  section  on  analog  delay.  That  referred  to  in  the  previous  section 
was  concerned  with  internal  multiplexing  to  inpr^.e  the  operation  of 
the  CCD  device  without  changing  its  signal  processing  function.  In 
this  section,  multiplexing  will  be  discussed  as  an  operation  used  to 
obtain  particular  signal  processing  functions. 

Multiplexing  is  an  important  signal  processing  operation  and  CCD 
multiplexers  are  and  will  remain  prominent  members  of  the  family  of 
CCD  devices.  As  described  previously  the  multiplex  operation  is  per- 
formed by  loading  the  CCD  from  a number  of  parallel  inputs  and  then 
shifting  the  information  out  in  serial  form.  Conversely,  a demultiplexer 
is  usually  required  in  the  system  and  it  operates  like  the  multiplexer 
in  reverse. 

If  several  channels  of  analog  information  are  multiplexed  into  one 
CCD  device,  this  is  termed  time  division  multiplexing  (9).  The  sampled 
data  in  a time  division  multiplexed  system  is  handled  under  digital 
logic  contro.  The  basic  organization  of  CCD's  to  perform  the  multi- 
plex and  demultiplex  operation  is  shown  in  Fig.  4.17.  One  sample  is 
taken  from  each  of  the  channels  1 through  M,  which  are  to  be  multi- 
plexed. The  samples  are  loaded  in  parallel  into  the  CCD  as  shown  and 
subsequently  read  out  in  serial  form, 

CCD  multiplexing  and  demultiplexing  devices  have  two  unique  limita- 
tions which  must  be  taken  into  consideration  (180) . The  first  is  that 
the  charge  inefficiency  and  resulting  dispersion  is  more  serious  than  it 
is  in  a CCD  delay  line  since  it  introduces  crosstalk  between  adjacent 
input/output  channels.  This  problem  may  be  solved  by  introducing 
isolation  elements  in  between  storage  elements  or  by  separating  informa- 
tion samples  by  blank  charge  samples  (9)  in  the  CCD  circuit.  The  second 
limitation  is  the  introduction  of  fixed  pattern  noise  due  to  non- 
uniformities in  the  gain  or  offset  levels  of  the  input  and  output  amplifiers. 
However,  improved  CCD  input  techniques  have  been  developed  which  are 
essentially  independent  of  variations  in  the  MOS  threshold  voltage  and 
these  techniques  reduce  the  fixed  pattern  noise  to  a very  low  level. 
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As  will  be  described  later,  even  when  multiplexing  is  not  required 
by  the  system  function,  economic  advantages  can  be  achieved  by  using 
multiplexing  since  peripheral  functions  such  as  bandlimiting  filters, 
clock  drivers,  the  master  clock,  and  other  timing  circuits  can  be 
shared  between  all  of  the  multiplexed  channels.  CCD  multiplexers  are 
useful  for  multiplexing  the  outputs  of  arrays  of  detectors  because  they 
can  operate  with  low  signal  levels  and  their  performance  improves  at 
low  temperatures  where  many  detectors  operate.  CCD  multiplexers  are 
also  useful  in  radar  applications  such  as  range  gating  (180)  where  radar 
returns  from  a single  transmitted  pulse  are  sampled  at  successive  times. 
The  samples  are  then  clocked  into  the  CCD  device.  If  the  clock  is  now 
stopped,  the  CCD  stages  will  contain  samples  corresponding  to  the  complete 
set  of  radar  ranges  and  the  individual  stages  corresponding  to  discrete 
radar  ranges  may  be  read  out  in  parallel. 

4.2.3.  Recursive  Filters.  CCD's  are  perfectly  suited  for  the 
implementation  of  a type  or  class  of  filter  which  contain  a precisely 
controlled  delay  as  an  integral  part  of  its  construction.  This  class 
of  filters  consists  of  recursive  and  transversal  filters.  These  types 
of  filters  are  often  erroneously  called  digital  filters  since  until 
recently  they  were  constructed  using  digital  techniques. 

Recursive  filters  are  more  flexible  than  transversal  filters  and 
form  a more  general  class  of  filter  because  both  feedback  and  feed- 
forward of  the  signals  is  used  as  shown  in  Figure  4.18  to  shape  the 
filter  characteristics.  The  impulse  response  of  a transversal  filter 
is  finite  in  time,  whereas  that  of  a recursive  filter  can  theoretically 
be  of  infinite  duration.  Consequently,  bandpass  filters  with  sharp 
skirts  can  generally  be  designed  with  fewer  arithmetic  operations 
using  recursive  filtering  than  with  transversal  filtering.  However, 
the  recursive  feedback  amplifiers  are  very  difficult  to  achieve  on  the 
same  chip  as  the  analog  delay  functions  and  are  generally  contained  "off- 
chip"  as  separate  components. 

The  following  discussion  of  recursive  filters  follows  closely  that 
of  Sequin  and  Tompsett  (9).  The  transfer  characteristic  of  an  Nth-order 
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recursive  filter  in  Z-transform  notation  is 


N 


k=l 


where  the  zeros  and  poles  are  generated  by  the  roots  of  the  polynomials 
in  the  numerator  and  denominator  respectively.  Transversal  filters  are 
obtained  by  setting  all  of  the  feedback  coefficients  b^  to  zero. 

A first  order  recursive  filter  is  shown  in  Figure  4.19.  This 
circuit  provides  positive  feedback  at  all  frequencies  which  are  delayed 
by  an  odd  integer  multiple  of  one-half  the  signal  period.  Therefore,  its 
transfer  function  shows  a maximum  at  these  frequencies  and  the  circuit 
has  the  characteristics  of  a bandpass  filter.  For  the  case  where  the 
coefficient  b^  is  greater  than  unity,  the  circuit  becomes  an  oscillator 
since  it  is  unstable. 

Figure  4.20  shows  a second-order  recursive  filter  with  a bandpass 
function,  in  which  both  the  center  frequency  and  bandwidth  can  be 
varied  by  changing  the  feedback  coefficients  (181,182).  The  response 
obtained  with  this  circuit  is  shown  in  Fig.  4.21a  for  a 10  KHz  clock. 

The  two  values  of  Q are  obtained  by  varying  b^  and  Figure  4.21b 

shows  the  variation  of  the  resonant  frequency  with  the  coefficient  b^. 

The  second  order  filter  performs  similar  to  a normal  tuned  circuit 
and  it  is  of  interest  to  examine  the  filter  parameters  such  as  Q, 
center  (resonant)  frequency  and  bandwidth  in  terms  of  the  attenuating 
constants  b^  and  b^  (181),  Letting  T represent  time  delay  as  indicated 
in  Fig.  4.20,  the  transfer  function  of  the  circuit  shown  with 
z = exp  (jwgT)  is 

2 

a z +a1 z 

H(z)  =°— 2 (4.7) 

z -b^z-b2 
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Figure  4.21.  Measured  results  from  two  ten-stage  charge  transfer 

recursive  filters:  a)  the  amplitude  response  for  fixed 
coefficients  and  b)  the  shift  of  the  resonant  frequency 
as  a function  of  b.  (after  181). 


and  the  poles  are  located  at 
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It  is  readily  seen  that  as  approaches  unity,  the  circuit  Q increases, 
and  for  high  Q,  the  resonant  frequency  is 
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where  T is  the  time  delay  ^hown.  In  addition,  for  the  high  Q case,  the 
3db  bandwidth  is  given  by 

B = ^ |M/~b^""|  (4.10) 

Equations  4.9  and  4.10  combined  give  the  Q as 

-1  , bl  . 
cos  ( — ) 

Q = 2^b2  (4.11) 

2 | £nb2 | 

Recursive  filters  may  be  used  as  tone  generators  by  setting  the 
feedback  coefficient  to  a value  greater  than  unity.  However,  since  the 
frequency  of  oscillation  will  depend  on  the  nonlinearity  or  clamping 
used  to  stabilize  the  amplitude,  the  oscillation  frequency  will  require 
fine  tuning  by  adjusting  either  the  feedback  coefficients  or  the  clock 
frequency. 

One  recent  application  of  recursive  CCD  filters  is  a Chebychev 
moving  target  indicator  filter  for  radar  applications  (183).  The  three 
pole  Chebychev  filter  shown  in  Figure  4.22  has  been  implemented  using 
CCD  delay  elements.  The  numbers  in  Figure  4.22  refer  to  the  coefficients 
at  the  inputs  of  the  summing  amplifiers.  In  this  application,  the  summing 
amplifiers  are  15  IIHz  bandwidth  integrated  circuit  operational  amplifiers. 
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An  eight  stage  CCD  was  used  for  each  delay. 

Figure  4.23  shows  the  low  frequency  response  of  this  filter  with 
a swept  frequency  sine  wave  input.  As  shown  in  the  figure,  the  response 
minima  occur  at  0,38.4  and  76.8  KHz.  The  filter  output  at  the  frequency 
minima  is  32db  down  with  respect  to  the  maximum  output. 

Another  recent  study  of  recursive  CCD  filters  was  CCD  recursive 
comb  filters  <"184).  In  this  study,  high  pass  and  low  pass  integrator 
filters  and  high  and  low  pass  canceller  filters  were  treated  both 
theoretically  and  experimentally.  The  implementation  in  each  case 
used  an  8-bit  CCD  as  the  delay  element.  The  theoretical  and  measured 
characteristics  of  the  high  pass  integrator  comb  filter  are  shown  in 
Figure  4.24.  As  seen  in  this  figure,  comb  filters  are  characterized 
by  their  periodic  transfer  characteristics  in  the  frequency  domain.  As 
also  shown  in  the  figure,  the  agreement  between  theoretical  and  measured 
characteristics  is  excellent  for  this  case.  Other  cases  are  also  shown 
in  the  reference. 

CCD  recursive  filters  are  somewhat  more  attractive  from  an  economic 
standpoint  if  several  channels  are  multiplexed  through  one  filter.  In 
this  case  more  elements  are  required  in  the  delay  lines  but  the 
precision  resistors  and  amplifiers  are  now  time-shared.  At  any  one 
time  the  only  signal  samples  at  the  inputs  or  outputs  of  the  recursive 
filter  are  those  of  one  data  channel  and  these  are  processed  by  the 
operational  amplifiers  at  this  time.  The  other  samples  are  stored  in 
delay  lines  and  are  processed  in  sequence  as  they  are  clocked  through 
delay  lines. 

A second  order  recursive  filter  bank  with  16  multiplexed  channels 
has  been  demonstrated  (185) . This  filter  has  the  feedback  and  feed- 
forward coefficients  stored  in  ROM’s  from  which  they  are  fed  to 
multiplying  D/A  converters  during  the  appropriate  time  slot  for  each 
signal  channel. 

In  all  known  applications  of  CCD  recursive  filters,  however,  the 
feedback  has  been  performed  in  off-chip  operational  amplifiers  to  obtain 
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Figure  4.24.  Highpass  integrator  CCD  comb  filter  frequency 
characteristics  (after  184) . 
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the  amplifier  gain  and  phase  stability  required.  For  this  reason,  it  is 
unlikely  that  CCD  recursive  filters  will  find  v-lde  acceptance  until 
stable  feedback  amplifiers  can  be  integrated  on  the  CCD  chip  (180). 

4.2.4.  Transversal  Filters.  A significant  number  of  charge-transfer 
devices  have  been  developed  for  analog  signal  processing.  The  trans- 
versal filter,  however,  has  special  significance  because  it  is  a 
general  purpose  device  in  that  any  desired  finite  impulse  response  can 
be  obtained  with  it  as  a function  of  the  CCD  delay  line  tap  locations 
and  weights.  ' If  the  tap  weights  and  locations  can  also  be  electrically 
varied,  the  transversal  filter  has  even  more  significance,  for  the 
device  can  be  automatically  programmed  to  perform  any  linear -processing 
function  (170,186). 

The  device  was  first  described  in  1940  (187)  with  either  lumoed 
constant  or  distributed  delay  lines  proposed  for  the  delay  element,  but 
has  seen  only  limited  use  until  the  advent  of  CCD  devices. 

The  general  form  of  the  transversal  filter  is  shown  in  Figure  4.25 
(9,186,188).  It  consists  of  a tapped  analog  delay  line  with  N delay 
stages,  D,  each  of  which  delays  the  signal  by 

Tc  = Vfc  (4.12) 


A sample  exits  from  the  last  storage  element  NTc  seconds  after  it  entered 

the  circuit  input.  Each  element  h^  weights  the  output  of  its  delay 

element  and  the  circuit  output  is  the  sum  of  the  N-weighted  samples. 

This  circuit  therefore  generated  an  output  signal  vout;(t)  which  is 

the  convolution  of  N weighted  samples  of  the  input  signal  v.  (t). 

in 

Therefore, 
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(4.13) 


Now  to  examine  equation  4.13  in  the  frequency  domain,  assume  an  input 
of  the  form  v^(t)  = V exp(j2iTft). 

Equation  4.13  then  becomes 
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and  after  factoring  out  vin(t)» 


Vout(t)  = Vin(t) 


exp(-j2irfkTc) 


(4.15) 


k=l 


Therefore,  the  frequency  response  of  the  transversal  filter  is 


«(f) 


z 


h^  exp  (-J2TifkTc) 


(4.16) 


Since  Tc  » l/fc,  readily  seen  that  the  frequency  response  of  the 

filter  is  linearly  variable  with  f£. 

The  design  of  frequency  selective  transversal  filters  primarily 
involves  determining  a set  of  tap  weights,  h^,  that  will  make  w(f) 
reproduce  the  desired  frequency  response  as  closely  as  possible.  This 
problem  has  been  studied  (189)  and  the  design  of  CCD  transversal  filters 
is  identical  to  the  design  of  digital  finite  impulse  response  (FIR) 
filters. 


4.2.4. 1.  Fixed  weighting  coefficients  and  matched  filters.  The 
CCD  transversal  filter  with  fixed  weighting  coefficients  is  very  attractive 
for  several  reasons  (180).  First,  as  will  be  described,  the  sampling, 
weighting  and  summing  can  be  obtained  with  very  little  additional 
circuitry  compared  to  the  basic  CCD  shift  register.  Second,  in  a 
relatively  small  circuit,  it  replaces  a large  quantity  of  digital 
circuitry.  Third,  this  function  is  required  for  a large  number  of 
important  applications. 

Fixed  tap  weight  transversal  filters  are  usually  implemented  using 
the  split  electrode  approach  in  Figure  4.26.  When  the  input  signal 
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charge,  Q'(t),  is  transferred  under  the  split  electrodes,  the  charge 
packets  will  be  balanced  by  an  equal  and  opposite  amount  of  charge  on  the 
split  electrodes.  The  charge  induced  on  the  split  electrode*,  however, 
is  also  proportional  to  the  area  of  each  split  electrode  and  in  this 
way  the  tap  weighting  and  summing  operation  is  performed  simultaneously.  The 
total  induced  charge  on  lines  P2a  and  P2b  is  then  sensed  by  the  differ- 
ential current  meter.  (The  charge  induced  in  the  split  electrodes  is 
also  a function  of  the  silicon  substrate  depletion  layer  capacitance, 
but  for  high  'resistivity  substrates  this  is  a second  order  effect  and 
will  be  neglected  in  this  discussion) . 
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In  a matched  filter,  the  components  of  the  signal  to  be  matched  add 
coherently,  whereas  the  output  due  to  random  noise  will  only  be  pro- 
portional to  h^  (9).  Therefore,  the  signal-to-noise  ratio  is 
proportional  to  the  number  of  taps  in  the  transversal  filter.  In  the 
presence  of  additive  white  noise,  this  filter  gives  the  best 

measurement  of  the  signal  amplitude  or  its  arrival  time. 

Many  examples  of  matched  filters  have  been  described.  One  of  the 
earliest  examples  was  a CCD  matched  filter  used  to  detect  a 13  bit 
Barker-coded  p-n  (binary)  sequence  (188) . The  13  bit  Barker  code  is 
(-----++--+=+-).  The  matched  filter  in  this  application 
resulted  in  a 13  to  1 improvement  in  signal-to-noise  ratio  over  a 
single  pulse  signal  method.  This  filter  is  simple  to  build  since  the 
tap  weights  have  values  of  +1  and  -1  and  do  not  depend  on  the  position 
of  the  split  electrode  placement. 

Most  applications  of  CCD  transversal  filters  require  analog  tap 
weights  and  the  split  electrode  technique  can  be  used  to  implement  any 
transversal  filter  function,  i.e.  low  pass,  bandpass  or  band  reject. 
There  are  many  good  examples  of  CCD  transversal  filters  in  the  liter- 
ature (170,171,188,190-193).  Figure  4.27  shows  a photograph  of  a 63 
tap  low  pass  CCD  transversal  filter  (190).  The  electrode  splits  are 
evident  in  the  photograph  and  as  seen  in  Figure  4.28  the  measured 
impulse  response  of  the  filter  has  the  same  shape  and  was  obtained  by 
clocking  a single  charge  packet  along  the  device.  The  computed  and 
measured  low  pass  response  of  this  filter  are  shown  in  Figure  4.29  and 
4.30.  This  filter  was  designed  so  that  with  a 32  KHz  clock,  the 
maximum  passband  ripple  was  +0.1  dB  between  0 and  3 KHz,  and  the 
stopband  attenuation  was  36  dB. 

The  accuracy  of  split  electrode  filters  depends  not  only  on  the 
dimensional  accuracy  of  the  split  but  also  on  the  depletion  capacitance 
which  is  a function  of  substrate  resistivity  tolerance  and  variations 
in  oxide  thickness.  An  accuracy  better  than  0.5%  of  the  maximum  tap 
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weight  is  required  to  obtain  stopband  attenuation  of  40  dB.  However, 
the  tap  weight  error  does  not  have  a significant  effect  on  matched 
filter  functions  because  the  input  signal  is  contaminated  with  so  much 
noise  that  the  additional  "noise"  due  to  weighting  error  is  negligible  (180). 

CCD's  have  also  been  used  to  perform  the  discrete  Fourier  trans- 
form (DFT)  of  a signal  by  means  of  the  chirp  z-transform  (CzT) . The 
transform  is  called  the  chirp  z-transform  because  the  mathematical 
operations  involve  multiplication  and  convolution  with  chirp  (linear  FM) 
signals  (194).  The  DFT  of  a band  limited  electrical  signal  g(t)  is 
found  by  sampling  the  signal  at  N uniformly  spaced  instants  of  time  to 
obtain  the  N points  gR.  The  DFT  is  then  given  by  the  definition  (195) 

N-l 

Gn  = ^ gk  exp[-j2^kn]  (4.20) 

n=0 

The  CzT  algorithm  for  use  with  equation  4.20  is  derived  by  making  the 
substitution 

2kn ' = k2  + n2/-(n  - k)2  (4.21) 

into  equation  4.20  to  obtain 
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g,  exp[ jir(n-k)  /N]  exp[-j7ikZ/N] 


(4.22) 


This  equation  represents  the  CzT  algorithm  and  has  three  steps  (9): 

1)  Premultiplication  of  the  input  samples  g^  by  a complex  chirp 
waveform 

2)  Convolution  in  a filter  having  a complex  chirp  impulse  response 

3)  Postmultiplication  by  a complex  chirp  waveform 

The  CzT  algorithm  is  advantageous  for  CCD  implementation  because 
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the  bulk  of  the  computation  is  performed  by  a fixed  weighting  coefficient 
transversal  filter.  When  only  the  power  density  spectrum  is  required, 
step  3 is  replaced  by  a squaring  operation  and  the  resulting  block 
diagram  is  shown  in  Figure  4.31. 

Recent  results  on  500  point  DFT  devices  have  been  presented  (171,196). 
Two  CCD  filters  were  designed  on  a 160  x 100  mil  chip.  Each  filter 
has  500  stages  with  one  filter  having  sine  weighting  and  the  other 
cosine  weighting.  The  results  indicate  that  it  is  possible  to  success- 
fully perform  the  discrete  Fourier  transform  on  one  or  two  Integrated 
circuits  with  the  resulting  low  cost,  small  size  and  low  power. 

4. 2. 4. 2.  Adjustable  tap  weights.  Many  important  analog  signal 
processing  functions  require  transversal  filters  with  variable  weighting 
coefficients  and  several  methods  are  available  or  have  been  proposed 
for  these  applications  (180) . Variable  tap  weighting  is  more  difficult 
and  costly  to  achieve  than  fixed  tap  weighting.  Therefore,  the 
advantages  of  variable  tap  weighting  CCD  filters  over  more  conventional 
digital  approaches  is  not  as  obvious  as  is  the  fixed  weight  CCD  filter 
case  previously  described. 

It  is  relatively  simple  to  design  variable  tap  weights  when  the 
weights  are  binary  values  such  as  +1  and  -1  or  1 and  0 as  in  the  Barker 
code  matched  filter  previously  described.  However,  variable  analog 
weights  are  much  more  difficult  to  achieve.  The  split  electrode  technique 
is  not  very  amenable  to  variable  weighting  and  other  methods  must  be 
used.  In  general,  these  other  methods  consist  of  tapping  the  stages 
in  the  CCD  device  by  adding  sensing  diffusions  on  the  CCD  stages  or  by 
using  floating  gates  distributed  along  the  CCD  device.  Both  of  those 
output  techniques  were  discussed  earlier  in  this  report. 

One  approach  to  the  variable  weighting  problem  is  the  analog- 
binary approach  (180)  seen  in  Figure  4.32.  In  this  case  the  analog 
weighting  coefficients  are  digitized  to  M bit  accuracy  and  the  analog 
signal  is  clocked  through  M filters  whose  binary  weighting  coefficients 


represent  the  desired  filter  response.  If  the  h^  of  equation  4.13  are 
written  as 
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\m*~m  <4-23> 

m=l 

Then  equation  4.13  becomes 
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This  technique  is  particularly  effective  in  adaptive  systems  where  the 
weighting  coefficients  can  be  stored  as  binary  numbers  in  a memory  for 
an  indefinite  time. 

Another  method  of  implementing  variable  tap  weights  is  with  MNOS 
transistors  whose  characteristics  were  discussed  in  the  section  on 
Non-Volatile  CCD  Memories.  Figure  4.33  shows  a CCD  transversal  filter 
with  adjustable  tap  weights  implemented  with  MNOS  transistors  (158). 

In  this  implementation,  the  MNOS  transistors  serve  as  variable  resis- 
tors, whose  values  can  be  altered  when  control  voltages  are  applied  to 
the  gates.  The  MNOS  transistors  here  also  are  non-volatile  devices.  In 
a filter  of  this  type  an  adaptive  system  might  be  used  to  overcome 
non-linearities  or  parameter  tolerances  in  the  MNOS  devices  and  achieve 
the  exact  tap  weight  values  desired. 

Two  serious  drawbacks  can  be  noted  (180)  which  make  the  cost 
effectiveness  of  the  MNOS  approach  questionable.  First  is  the  additional 
cost  of  the  MNOS  processing  added  to  the  existing  complexity  of  CCD 
processing.  Second  is  the  off-chip  circuitry  required  to  program  the 
MNOS  transistors. 

4.2.5.  Correlators  Correlation  involves  multiplying  two  analog 
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signals  point  by  point  and  any  of  the  adjustable  tap  weight  transversal 
filters  are  potentially  capable  of  performing  this  function.  In  this 
case,  one  of  the  analog  signals  would  be  loaded  in  the  CCD  delay  line 
and  the  other  signal  would  be  used  to  vary  the  tap  weights.  However, 
as  described  in  the  previous  section,  this  function  is  very  difficult 
to  accomplish.  The  full  advantages  of  CCD's  for  correlation  will  be 
realized  only  when  signals  in  two  CCD  shift  registers  can  be  multiplied 

f in  analog  form  on  one  chip,  to  obtain  an  all  analog  correlator  (180). 

1 

A novel  approach  (197)  which  provides  an  interim  solution  to  the 
above  correlator  problem  is  shown  in  Figure  4.34.  Here,  the  analog 
signal  charge  packets  are  not  clocked  from  cell  to  cell  in  the  ordinary 
serial  fashion.  Instead,  each  signal  charge  packet  is  gated  into  a 
separate  cell  where  it  remains  until  it  is  replaced  by  a new  signal 
sample.  Non-destructive  readout  is  accomplished  by  "sloshing"  the 
charge  back  and  forth  within  the  3 element  cell  and  sensing  the  image 
charge  induced  in  the  overlying  clock  electrode.  Since  the  charge 
packets  move  back  and  forth  only  within  the  confines  of  a single  cell,  the 
charge  loss  due  to  shifting  is  not  cumulative  as  in  a serial  device. 

In  this  approach,  although  one  of  the  correlation  signals  is  stored  in 
analog  form,  the  other  correlation  signal  can  have  only  binary  values 
(1  and  0 or  +1  and  -1).  However,  as  will  be  explained,  the  device  can 
be  expanded. 

The  basic  structure  shown  in  Fig.  4.34  has  an  analog  input  bus 
which  is  scanned  by  the  scan  shift  register  to  load  the  CCD  cells  with 
sequential  analog  samples  of  the  input  signal. 

During  the  first  part  of  the  readout  cycle,  the  sampled  input 
of  the  charge  is  shifted  to  the  center  electrode  site  in  each  cell. 

The  binary  signal  shift  register  then  causes  one  of  the  two  transfer 
gates  per  cell  to  cause  the  sampled  signal  charge  to  flow  to  one  of  the 
two  output  electrodes.  In  this  way  the  correlation  is  performed  in 
a manner  similar  to  the  binary  Barker  code  matched  filter  described 


5 


215 


Figure  4.33.  CCD  transversal  filter  with  non-volatile  tap  weights 
implemented  with  MNOS  transistors  (after  158) , 


earlier,  except  that  now  the  transversal  filter  tap  weights  are  variable 
in  binary  fashion  under  control  of  the  binary  signal  shift  register. 

The  output  signals  from  the  A and  B electrodes  are  applied  to  a 
differential  amplifier  to  obtain  the  correlated  output.  This  correlator 
technique  has  demonstrated  a charge  transfer  loss  of  less  than  10  ^ 
per  transfer  and  charge  within  a cell  has  been  read  more  than  5 x 10"* 
times  without  significant  signal  deterioration. 

An  extension  of  the  simple  correlator  approach  above  may  be  made 
to  handle  a multiple  bit  binary  word  equivalent  to  one  of  the  analog 
signals  to  be  correlated.  To  accomplish  this,  several  correlator  chips 
are  connected  together  so  that  the  binary  signals  are  passed  from  chip 
to  chip.  In  addition  the  analog  inputs  of  all  chips  are  connected 
together  and  the  output  electrodes  are  also  connected  together.  Since 
the  analog  samples  remain  fixed  in  position  and  only  the  digital 
signals  propagated  from  stage  to  stage  and  from  chip  to  chip,  there  is 
no  degradation  in  signal  accuracy  as  more  chips  are  added. 
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4.3.  Image  Sensing 


One  of  the  most  important  applications  of  charge  coupled  devices 
is  in  solid-state  image  sensing.  Like  all  other  electronic  image 
sensors,  the  CCD  converts  light  quanta  into  charge  that  can  be  stored 
in  a localized  region  and  then  read  out  in  sequence.  However,  unlike 
present  television  camera  tubes,  it  does  not  need  the  complex  apparatus 
of  a scanning  electron  beam  in  order  to  perform  this  function. 

The  features  of  CCD  imagers  that  are  superior  to  camera  tubes  are 
high  signal  to  noise  ratio,  freedom  from  lag,  and  absence  of  micro- 
phonics. Additional  benefits  are  small  size,  light  weight,  low  power 
consumption,  and  precision  image  characteristics. 

Charge  is  entered  into  the  device  via  the  absorption  of  photons 
near  the  potential  wells,  as  opposed  to  the  analog  and  digital  signal 
modes  where  the  charge  is  entered  via  an  input  voltage  applied  to 
a diffused  source  region.  In  imaging,  charge  is  introduced  into  the 
device  when  light  from  a scene  is  focused  on  the  surface  of  the  device. 
As  in  all  semiconductor  devices,  the  absorption  of  light  quanta  creates 
hole-electron  pairs  which,  under  the  influence  of  the  potential  beneath 
each  storage  electrode,  are  collected  as  charge  packets.  Thus,  the 
quantity  of  charge  stored  at  any  storage  site  (pixel)  is  proportional  to 
the  intensity  of  the  image  at  that  site.  In  this  manner,  a spatial 
charge  representation  of  the  scene  is  stored  in  the  device.  It  is 
transferred  off  the  imaging  device,  to  be  used  externally,  when  clock 
voltages  are  applied  to  the  electrodes. 

Solid-state  image  sensors  can  be  divided  into  two  categories  - 
linear  image  sensors  and  area  image  sensors . Linear  image  sensors 
contain  a single  row  of  photosensitive  sites  and  thus  are  basically 
one  dimensional  devices  and  can  be  used  to  monitor  one  dimensional 
variables  such  as  the  level  of  liquid  in  a tank  or  the  diameter  of  a 
wire  being  fabricated  (9).  To  obtain  a two-dimensional  output  from  a 
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linear  sensor,  the  second  dimension  must  be  obtained  by  mechanical  means 
such  as  a rotating  mirror  or  the  object  being  scanned  must  be  moved  in 
front  of  the  sensor. 

To  obtain  real-time  images  at  the  frame  rate  of  standard  tele- 
vision (30  f rames /second) , the  image  sensor  must  be  electronically 
scanned  in  both  directions  (area  image  sensor) . The  primary  problem 
with  using  a linear  sensor  with  mechanical  scan  is  that  the  image 
integration  time  per  site  is  only  one  line  time.  Conventional  electron 

i 

beam  scanned  camera  tubes  integrate  the  charge  during  the  entire  frame 
time  in  order  to  obtain  the  image  sensitivity  required  for  room  lighting 
conditions  and  the  CCD  Imager  must  function  in  a similar  manner  in  order 
to  be  competitive. 

4.3.1.  Linear  Image  Sensors.  Linear  imaging  arrays  can  be  organ- 
ized in  three  basic  ways  (91).  First,  a simple  CCD  shift  register  can 
be  used  where  the  carriers  are  integrated  in  the  transfer  channel 
itself.  While  the  charge  is  being  integrated,  the  shift  register  clocks 
are  stopped  so  that  the  charge  can  not  transfer.  During  the  subsequent 
readout,  the  clocks  are  turned  on  to  read-out  the  integrated  signal. 

The  major  problem  with  this  approach  is  that  the  readout  time  must  be 
short  compared  to  the  integration  time  in  order  to  prevent  smearing  of 
the  signal  since  the  charge  from  the  image  is  still  integrating  during 
the  readout.  A mechanical  shutter  could  be  utilized  to  prevent  charge 
integration  during  readout,  but  in  addition  to  the  mechanical  complexity 
of  the  shutter  the  integration  time  in  this  type  of  linear  device  is 
seriously  shortened  due  to  the  relatively  long  serial  readout  time. 

The  solution  to  the  above  problem  is  to  Integrate  an  analog  shift 
register  beside  the  sensor  sites  (Figure  4,35).  After  integration  in 
the  sensors,  the  charge  is  shifted  into  the  shift  register  through  the 
lateral  transfer  electrodes.  This  lateral  transfer  can  be  accomplished 
in  approximately  one  microsecond  and  the  integrated  charge  can  be 
shifted  out  while  a new  line  is  being  integrated.  This  design  virtually 


eliminates  the  smearing  problem  and  the  integration  duty  cycle  is 

nearly  100%.  Normally  the  readout  register  in  this  type  of  device  is 

shielded  from  the  image  to  prevent  the  readout  register  from  collecting 

image-induced  charge  and  causing  smearing.  The  maximum  number  of  image 

sites  which  can  be  integrated  into  this  structure  is  limited  either  by 

the  maximum  chip  dimension  or  the  transfer  inefficiency  in  the  readout 

register.  Both  of  these  limitations  can  be  improved  by  using  the  double 

readout  register  (also  called  parallel-transfer  (198)  or  bilinear  (281) 

organization  in  Figure  4.36).  This  organization  uses  one  line  of 

sensors  as  before,  but  now  incorporates  two  readout  registers,  which 

are  shielded.  After  the  integration  is  complete,  the  odd-numbered 

pixels  are  shifted  into  one  readout  register  and  even-numbered  pixels 

are  shifted  into  the  other  readout  register.  The  information  in  the 

two  readout  registers  is  clocked  into  a two-bit  register,  thus 

reorganizing  the  pixels  in  the  order  in  which  they  were  formed  in  the 

image  sites.  The  number  of  stages  in  each  readout  register  is  now 

one-half  of  the  previous  number.  Therefore,  the  number  of  transfers 

required  to  shift  any  pixel  out  of  the  register  is  also  one-half  of 

the  previous  value.  The  layout  packing  density  is  also  higher. 

Linear  arrays  can  be  frontside  illuminated  if  polysilicon,  which  is 

reasonably  transparent  in  much  of  the  visible  and  near-infrared  spectrum, 
is  used  for  gates. 

Figure  4.37  snows  the  spectral  response  versus  wavelength  for  a 500 
element  frontside  illuminated  linear  array.  The  peaks  and  valleys  in 
the  response  curve  are  attributed  to  interference  in  the  polysilicon 
and  oxide  layer  boundaries.  The  spectral  responsivity  is  defined  as 
the  signal  current  divided  by  the  total  radiant  power  (integrated  over 
the  entire  blackbody  spectrum)  incident  on  the  image  area,  including 
the  area  occluded  by  transfer  gates.  A photograph  of  this  device  is 
shown  in  Figure  4.38  and  the  double  readout  registers  are  clearly  seen 
to  the  right  and  left  of  the  central  photosensor  column.  This  device 
uses  implanted  bulk  channels  with  3-phase  transfer  electrodes  selectively 
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doped  into  a single  layer  of  high  resistivity  polysilicon.  The 
aluminum  for  the  bus  lines  and  bonding  pads  is  also  used  to  shield  the 
shift  registers  from  incident  light.  This  device  has  very  low  noise 
and  transfer  inefficiency  due  to  the  bulk  channel  approach  and  has  a 
dynamic  range  of  about  3000:1.  The  image  reproductions  in  Figure  4.39 
illustrate  the  quality  of  this  device.  These  pictures  were  taken  in 
the  slow  scan  mode  at  about  one  frame  per  second  with  the  readout 
registers  operating  at  1 MHz.  The  light  intensity  variation  shows  that 
the  picture  remains  clearly  visible  through  two  orders  of  magnitude  of 
light  intensity.  In  Figure  4.39d  the  graininess  produced  by  noise  has 
washed  out  the  details  of  the  picture. 

A more  recent  example  of  a linear  array  is  a 1728  element  linear 
array  (200)  processed  with  a double  level  polysilicon,  buried  channel 
process.  This  circuit  uses  a single  readout  register.  A CRT  monitor 
display  of  the  IEEE  facsimile  test  charge  generated  by  this  device  is 
shown  in  Figure  4.40,  The  image  was  horizontally  scanned  by  the  imaging 
device  while  vertical  scanning  was  obtained  by  mechanical  rotation  of 
the  test  chart.  A portion  of  this  displayed  image  is  also  shown  with 
an  expanded  monitor  sweep.  The  maximum  resolution  obtained  is  36  lines/mm. 

The  performance  of  this  imaging  array  at  low  light  levels  is 
illustrated  in  Figure  4.41.  This  series  of  single  frame  photographs 
shows  the  display  of  approximately  700  photosites  at  illumination  levels 
successively  reduced  from  near  saturation.  For  all  of  these  photographs, 
the  ambient  temperature  was  25°C  and  the  clock  rate  was  1.5  MHz.  The 

2 

highlight  area  in  Figure  4.41a  represents  an  illumination  of  200  yW/cm' 
with  a maximum  charge  per  photosite  of  approximately  500,000  electrons. 

Ab  a 1/1,000  reduction  in  light  intensity  in  Figure  4.41d  a fairly 
high  quality  image  is  retained  although  some  dark  current  spikes  appear 
as  vertical  streaks.  At  a 1/10,000  reduction  in  light  intensity,  the 
brightest  area  in  the  picture  represents  approximately  50  electrons/ 
photosite,  and  it  has  been  determined  that  the  noise  in  this  picture  at 
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Pictures  taken  with  a 500-element  linear  imaging  device 
at  four  different  illumination  levels.  The  white  signal 
level  is  close  to  saturation  in  a). The  light  levels  in 
b),  c) , and  d)  are  reduced  by  lOx  lOOx  and  lOOOx  from  the 
levels  in  a)  (after  146). 
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Figure  4.40.  Picture  of  IEEE  facsimile  test  chart  from  1728  element 
linear  imaging  array  (after  200) . 
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Figure  4.41.  Imaging  performance  of  1728  element  linear  imaging 
array  at  different  light  levels  (after  200). 


this  low  light  level  is  due  primarily  to  noise  in  the  amplifier. 

It  should  be  clear  from  these  linear  imaging  array  examples  that 
CCD  linear  imaging  arrays  are  well  suited  for  slow  scan  applications 
such  as  facsimile  where  mechanical  scanning  is  used  in  one  dimension. 

4.3.2.  Area  Image  Sensors.  4. 3. 2.1.  Imager  organization.  Area 
image  sensors  use  the  basic  concepts  developed  for  linear  image  sensors 
and  essentially  expand  the  sensor  sites  into  an  x-y  or  area  matrix. 

It  is  obvious  that  in  making  this  expansion  from  linear  to  area  arrays, 
the  problems  encountered  in  fabricating  the  devices  and  in  obtaining 
high  and  consistent  performance  have  been  compounded. 

Several  different  concepts  in  technology  and  organization  of  area 
imagers  have  been  developed  and  will  be  presented  in  this  section. 
Figure  4.42  illustrates  the  basic  readout  organizations  that  may  be 
used  for  area  image  sensors  (9) . The  imager  organization  illustrated 
in  Figure  4.42  is  an  x-y  addressed  organization  used  primarily  for 
Charge  Injection  Device  (CID)  imagers.  This  device  contains  x and  y 
address  lines  and  each  x-y  coincidence  point  contains  a pair  of  charge- 
coupled  capacitors,  which  store  the  photon  charge.  Whenever  the  x and 
y address  lines  at  a particular  point  are  enabled,  the  integrated 
photon  charge  is  injected  into  the  substrate  and  the  resulting  signal 

is  sensed  on  the  address  lines.  The  CID  imager  will  be  described  in 

•v. 

more  detail  later.  Note  that  the  CID  device  image  sites  are  addressed 
in  a manner  similar  to  random-access  memories  used  for  binary  data 
storage  and  the  CID  imager  can  also  be  randomly  accessed  if  desired. 

The  CID  imager  is  usually  not  considered  a true  CCD  device  and  in  this 
paper  the  term  "CCD"  will  not  include  CID  devices,  which  will  be 
described  separately. 

Area  image  sensors  can  be  made  by  collecting  basic  linear  image 
sensors  in  parallel  rows  on  one  chip  to  form  a two  dimensional  array 
(line  transfer  organization).  Figure  4.42b  illustrates  this  concept 
with  a readout  register  provided  to  read  out  the  signal  in  the  vertical 
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Figure  4.42.  Readout  organizations  of  area  image  sensors:  a)  x-y  addressed 
charge  injection  device,  b)  line  addressed  organization, 
c)  frame-transfer  organization,  d)  interline-transfer 
(after  9) . 
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direction.  The  difficulty  of  this  organization  is  that  the  read  out  of 
each  line  has  to  be  started  with  the  proper  timing,  since  there  is  a 
variable  delay  from  each  scanner  row  to  the  register  output. 

An  improved  approach  is  shown  in  Figure  4.42c  where  the  image 
array  is  duplicated  in  a signal  storage  area  with  the  same  number  of 
elements  as  the  image  array  (frame  transfer  organization) . During  the 
vertical  retrace  time  in  a television  display  system,  the  image  charge 
stored  in  the  image  array  is  quickly  shifted  down  into  the  signal 
storage  array.  The  image  is  now  stored  in  the  signal  storage  array  and 
the  image  array  is  returned  to  the  image  integrating  mode.  During  the 
horizontal  retrace  time,  the  stored  signal  is  shifted  down  one  bit  so 
the  bottom  row  of  the  charge  is  shifted  into  the  output  register. 

During  the  next  horizontal  line  time,  this  charge  is  shifted  out  to 
form  the  video  signal.  Although  this  organization  does  have  the  dis- 
advantage of  requiring  increased  signal  storage  area,  this  disadvantage 
is  compensated  by  the  simplicity  of  the  imager  electrode  structure  and 
compact  image  storage  and  transfer  cells. 

Another  important  organization  to  be  considered  is  the  vertical 
interline-transfer  method  in  Figure  4.42d.  In  this  organization,  the 
imaging  and  storage  functions  are  integrated  within  the  same  area  and 
the  frame  transfer  occurs  in  a single  step.  Charge  is  accumulated 
in  the  imager  sites  while  the  signal  from  the  previous  field  is  shifted 
in  the  vertical  signal  storage  channels  in  a manner  similar  to  that  used 
in  the  frame  transfer  organization. 

The  simpler  operation  of  the  vertical  interline  transfer  method  must 
be  weighted  against  the  more  complex  cell  design  as  compared  with  the 
frame  transfer  approach,  and  the  reduction  of  the  imuge  integrating 
area  since  the  signal  storage  area  must  be  light-shielded.  Also,  the 
vertical  interline  transfer  method  cannot  be  used  with  backside 
illumination  since  the  shielding  of  the  signal  storage  area  is  not 
practical. 

Broadcast  and  closed  circuit  television  systems  reduce  the  visible 
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flicker  of  the  image  by  using  a 2il  interlaced  format  where  two  fields 
occuring  at  a 50  or  60  Hz  rate  are  alternately  superimposed  to  obtain 
a 25  or  30  Hz  frame  rate.  The  odd  lines  of  the  frame  are  displayed  in 
the  first  field  and  the  even  lines  are  displayed  between  the  odd  lines 
during  the  second  field.  To  be  compatible  with  the  standard  systems, 
solid-state  imagers  must  also  incorporate  interlace  provisions. 

In  the  line  transfer  organization,  the  number  of  horizontal  imager 
channels  would  be  equal  to  the  number  of  display  lines  in  a frame  (87) . 
In  vertical  frame-transfer  structures,  the  total  number  of  cells  can 
be  reduced  by  a factor  of  2,  since  the  number  of  rows  need  only  equal 
the  number  of  display  lines  within  a field  rather  than  within  a frame. 
The  video  signal  for  the  second  interlaced  field  can  be  obtained  by 
electronically  shifting  the  center  of  each  integration  site  by  half  a 
cell.  In  2-phase  devices  this  is  easily  accomplished  by  forming  the 
integrating  potential  wells  alternately  under  the  phase  1 or  phase  2 
electrodes.  In  3-phase  structures  interlacing  can  still  be  accomplish- 
ed by  using  combinations  of  phase  1,  2 and  3 electrodes  but  the 
technique  is  more  complicated  than  in  2-phase  structures. 

The  interline  transfer  method  can  also  share  vertical  transfer 
cells  between  two  fields  but  twice  as  many  separate  storage  sites  are 
associated  with  each  register.  Only  half  of  the  storage  sites  are  read 
out  in  each  field. 

4. 3. 2. 2.  Examples  of  area  image  sensors.  Examples  of  area  image 
arrays  will  now  be  described.  The  first  is  a 128  row  device  with  220 
elements  per  row  processed  with  a three  level  polysilicon  gate  process 
(201).  The  device  uses  the  frame  transfer  (FT)  principle  and  is 
designed  to  fit  the  timing  requirements  of  the  PICTUREPHONE  system. 

Since  the  total  field  time  in  this  system  is  133  1/2  lines,  5 1/2 
lines  times  are  available  to  accomplish  the  frame  transfer.  The 
photogenerated  charge  is  integrated  alternately  under  different  sets  of 
electrodes  to  provide  the  2:1  interlaced  format  of  this  system.  A video 


element  rate  of  2 MHz  vas  chosen  bo  that  horizontal  resolution  mould 
match  vertical  resolution. 


A schematic  layout  of  this  device  la  shown  in  Figure  4.43.  The 
horizontal  ceoter-to-center  spacing  of  the  vertical  transfer  channels 
Is  30  ym,  These  channels  stopping  diffusion  (CHANSTOP).  This  results 
in  an  electrode  length  of  10  ym  in  the  readout  register.  The  inter- 
lace and  11:10  aspect  ratio  of  the  PICTUREPH0NE  screen  now  dictates 
a cell  length  of  48  ym  in  the  imaging  area  and  an  active  electrode 

i 

length  of  16  ym.  Image  size  requirements  do  -not  dictate  the  size  of 
elements  in  the  storage  area  and  the  electrode  are  made  10  ym  long. 

The  mutual  overlap  of  adjacent  electrodes  has  been  made  2 ym. 

The  overflow  drains  (OV)  are  Interconnected  at  the  upper  end  of 
the  device  by  a diffused  bus  line  (IOD).  This  bus  line  can  serve  as 
an  input  diode  and  in  conjunction  with  the  two  input  gates  (FG1,  762} 
can  provide  background  charge  injection  to  improve  transfer  ■efficiency 
in  the  vertical  transfer  channels. 

The  serial  output  register  ends  in  an  output  gate  (OG)  and  an 
output  diode  (OD) , which  is  connected  to  the  gate  of  a MBS  amplifier . 
After  the  signal  has  been  sensed  between  source  and  drain  (AS,  AD),  the 
charge  packet  Is  discharged  through  a dump  gate  (BG)  into  the  dump 
diode  (DD). 

The  multiple  reflections  of  the  various  interfaces  in  thiB 
device  cause  wavelength  dependent  interferences  which  result  in  a 
highly  structured  transmission  curve.  Therefore,  the  response  curve 
of  the  device  shows  several  peaks  and  valleys  throughout  the  visible 
spectrum.  Figure  4.44  shows  the  spectrum  of  two  devices  shown  as 
curves  A and  B,  from  two  different  processing  batches.  The  differences 
in  these  curves  are  attributed  to  differences  in  the  thickness  of  the 
poly sill con  layers.  Curves  A and  A'  were  obtained  from  the  same  device 
with  A'  near  the  edge  of  the  device  and  A in  the  center.  The  lowest 
spectral  sensitivity  in  these  devices  is  observed  in  the  blue  range  and 
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Example  of  the  spectral  response  curve  of  two  256  by  220 
element  devices.  Curves  of  constant  quantum  efficiency 
are  included  for  comparison  (after  201) . 


Figure  4.45.  Monitor  images  obtained  with  the  256  by  220  element  imager 
(after  201). 
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this,  plus  the  nonuniform  response  over  the  spectrum,  will  present 
a problem  when  building  a color  camera.  For  optimum  black  and  white 
television  and  for  color  systems,  where  the  interferences  in  the 
spectral  range  of  interest  will  cause  problems,  the  device  could  be 
thinned  down  in  the  imaging  area  to  about  20  pm,  and  illuminated  on 
the  back  side.  The  spectral  response  should  then  be  comparable  to 
diode  array  targets. 

References  on  this  device  have  not  discussed  the  blooming  proper- 
ties of  the  array,  probably  since  antiblooming  requirements  in  image 
sensors  for  PICTUREPHONE  systems  are  much  less  stringent  than  for 
general  purpose  imager  applications. 

Monitor  images  obtained  from  this  device  are  shown  in  Figure  4.45. 

The  device  was  operated  inside  a small  self-contained  battery-operated 
camera  which  consumes  only  1.5  watts. 

The  second  area  imager  to  be  described  is  a 190  x 244  element 
device  (202).  This  device  is  processed  with  a 2 level  polysilicon 
gate,  buried  channel  n-channel  process.  The  device  uses  the  interline 
transfer  system  and  is  designed  for  front  side  illumination.  It  has 
190  columns  of  244  elements  each,  alternating  with  optically  insensi- 
tive vertical  shift  registers.  A larger  device  with  380  columns  of  488 
elements  is  being  designed  by  the  same  manufacturer  for  full  frame 
NTSC  TV  compatible  performance. 

The  schematic  layout  of  this  device  is  shown  in  Figure  4.46.  The 
optically  sensitive  area  of  the  array,  detailed  in  Figure  4.47,  has  an 
aspect  ratio  of  4:3.  The  photoelement  cell  size  is  14  pm  by  18  pm 
with  4 pm  of  vertical  overlap  in  the  channel  stop  and  16  pm  of  horizon-  > 

tal  separation  due  to  the  inter leafed  vertical  shift  registers.  The 
output  signal  format  provides  two  interlaced  fields  of  information  in 
the  conventional  left  to  right,  top  to  bottom  TV  sequence.  Two 
output  amplifiers  are  provided  in  this  design.  A single  stage  floating 
gate  amplifier  (SFGA)  provides  an  output  level  of  300  mV  into  an 
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510  ohm  load  for  near  saturation  level  signals  at  the  7.16  MHz  data 
rate.  The  floating  gate  amplifier  design  was  chosen  because  it 
provides  a video  signal  free  from  reset  noise  and  operates  with  a 
random  noise  level  of  less  than  100  electrons.  A twelve  state 
distributed  floating  gate  amplifier  (DFGA)  is  also  provided  for  very 
low  light  level  applications.  The  DFGA  has  two  outputs,  one  of  which 
is  delayed  from  the  other  by  one-half  a horizontal  clock  period.  By 
summing  these  outputs  off  chip,  clock  voltage  components  in  the  video 
output  are  cancelled. 

A column  antiblooming  technique  has  been  applied  in  this  design. 

The  purpose  of  the  antiblooming  structure  is  to  prevent  excess  carriers 
generated  by  overexposure  of  one  or  more  photosites  in  a column  from 
spreading  to  adjacent  columns.  A sink  for  excess  carriers  is  provided 
at  the  top  and  bottom  of  each  vertical  shift  register,  as  shown  in 
Figure  4.48.  At  the  top,  above  the  last  photosite,  between  the 
horizontal  output  register  and  the  area  array,  a line  of  n+  regions  is 
diffused  into  the  structure.  These  n+  carrier  sinks  are  electrically 
separated  from  the  vertical  shift  register  by  a barrier.  The  n+ 
regions  are  connected  together  by  metalization  and  connected  to  the 
antiblooming  terminal.  When  an  appropriate  positive  bias  is  applied 
to  the  antiblooming  terminal,  any  carriers  exceeding  the  barrier 
potential  will  be  removed  before  they  can  reach  the  horizontal  output 
register,  where  lateral  spreading  would  occur.  At  the  bottom  of  each 
column,  the  horizontal  input  register,  properly  biased,  provides  a 
similar  sink.  In  Figure  4 49,  the  device  performance  with  and  without 
blooming  suppression  is  compared.  The  intensity  of  a light  spot 

approximately  six  elements  wide  was  varied  from  near  saturation  to 

3 4 3 

10  times  saturation  and  1.6  x 10  saturation.  At  10  times  saturation, 

severe  image  degradation  occurred  over  the  entire  picture  area  without 

blooming  suppression;  with  antiblooming  bias  applied,  the  image 

degradation  was  limited  to  about  10%  of  the  picture  area.  At 
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WITH  ANTIBLOOMING 


WITHOUT  ANTIBLOOMING 


Figure  4.49.  Blooming  suppression  characteristics  (after  202) 


1.6  x 10^  times  saturation  exposure,  the  device  was  completely  flooded 
without  antiblooming  while  75%  of  the  image  remained  unaffected  with 
antiblooming. 

Room  temperature  and  cool  temperature  measurements  have  been 
made,  using  the  DFGA  output.  Figure  4.50  shows  images  obtained  at 
-10°C  for  signal  levels  ranging  from  near  saturation  to  25  electron 
highlight  charge  packets  (202) . Equivalent  images  at  room  temperature 
required  about  twice  as  much  signal  charge  as  required  at  -15°C.  The 
signal  level  in  the  25  electron  image  in  Figure  4.50G  is  less  than  the 
noise  equivalent  signal. 

The  third  device  to  be  described  is  a 512  x 320  element  area  image 
sensor  (203,  204)  that  generates  standard  525  line  TV  pictures.  This 
device  uses  a single  layer  doped  polysilicon  gate  structure.  The 
individual  gates  are  formed  by  doping  n+  regions  in  a p-layer  of 
polysilicon  on  top  of  the  channel  oxide.  Since  there  are  no  exposed 
gaps,  a stable  sealed  channel  structure  results.  An  n-channel  process 
is  used  for  high  speed  performance  and  surface  channel  operation  is 
used  because  it  has  the  largest  signal  handling  capability  and  has 
exhibited  lower  dark  currents  and  dark  current  spikes  than  buried 
channel  devices.  Surface  channel  operation  was  also  chosen  because 
of  its  ability  to  control  blooming  by  operation  in  the  accumulation 
mode  (205,  206). 

Vertical  frame  transfer  is  used  because  it  can  be  implemented 
with  no  biasing  (small  details  in  the  scene  do  not  contribute  to  the 
output  due  to  obscuration),  and  it  allows  interlaced  operation  with 
complete  readout  in  one  field.  The  image  area  and  storage  area  each 
contain  256  x 320  cells.  The  image  area  is  interlaced  2*1  to 
create  a 512  x 320  element  picture. 

Typical  performance  results  with  interlaced  non-blooming  operation 
are  shown  in  Figure  4.51.  Figure  4.52  shows  a standard  interlaced 
525  line  picture  made  by  the  512  x 320  element  device. 
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Figure  4.50.  Low  light  level  performance  (after  202) 
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Typical  Performanca  Data 

Conditions:  Standard  El  A RS-1 70  525-line  TV  format  operating  at 
25°  C. 

Electrical 


Parameter 

Unit 

Note 

Horizontal  Clock  Rate 

6.1 

MHz 

Video  Bandwidth  

. 3.0 

MHz 

Vertical  Transfer  Rate  

. 0.23 

MHz 

Light  Integration  Time  .......... 

. 16.67 

ms 

Image  Area  Dark  Current  

. 4 

nA 

i 

Image  Area  Light  Bias  Current 

. 30 

nA 

i 

Peak-to-Peak  Signal  Current 

. 250 

nA 

i 

Peak-to-Peak  Signal  Voltage 

. 12.5 

mV 

2 

Saturation  Peak-to-Peak  Signal 
Current 

. 400 

nA 

1 

Horizontal  Register  Bias  Current ... 

. 300 

nA 

1 

Horizontal  Limiting  Resolution 

. 240 

TVL/PH 

3 

Vertical  Limiting  Resolution 

. 480 

TVL/PH 

3 

Contrast  Transfer  Function  (CTF) . . 

. 0.4 

- 

4 

Gamma 

. 1 

- 

5 

Signal-to-Noise Ratio  

. 50 

dB 

6 

Optical 

Sensitivity  (Luminous) 

3250 

ft A/lm 

1.7 

Sensitivity  (Radiant)  

65 

mA/VV-2856  K 

1.7 

Faceplate  Illumination  (250  nA 
signal) 

0.1 

fc 

7 

Notes 

I.  DC  current  from  image  area  measured  at  RD. 

Z Developed  across  3 kilobm  load  resistor  at  OS. 

3.  Observed  with  EIA  Resolution  Chart  and  good  quality  monitor. 

4.  Measured  at  200  TVL/PH  with  an  infrared  blocking  filter  (2  mm 
HA-11). 

5.  Measured  between  4 and  400  nA  signal  current. 

6.  Video  peak  signal  (250  nA  DC)  to  RMS  noise. 

7.  Measured  with  235S  K illumination. 


Figure  4.51.  Typical  performance  results  of  a 512  by  320  element 
imager  (after  203) . 
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Basic  CID  device,  a)  schematic  diagram  of  array, 
b)  sensing  site  cross-section  showing  silicon  surface 
potentials  and  charge  locations  (after  207). 


Although  the  charge  injection  device  (CID)  is  not  a true  charge 
coupled  device  in  the  sense  in  which  the  term  has  been  used  in  this 
report,  its  basic  operation  does  depend  on  charge  transfer.  Also,  the 
CID  device  has  demonstrated  very  significant  results  and  represents  a 
commercially  available  alternative  to  true  CCD's  for  image  sensing 
applications . 

In  contrast  to  CCD  imagers,  in  which  the  signal  charge  is  trans- 
ferred to  the  edge  of  the  array  for  sensing,  the  CID  device  confines 
the  signal  charge  to  the  image  collection  site  during  sensing  (206-208) . 
Site  addressing  is  done  by  an  X-Y,  coincident  voltage  technique,  similar 
to  that  used  for  random  access  digital  memories.  Therefore,  the 
device  is  not  a basic  serial  access  device  as  are  all  the  CCD  devices 
discussed  here,  but  is  instead  a true  parallel  or  random  access  device. 

The  basic  CID  device  schematic  diagram  is  shown  in  Figure  4.53 
with  its  integral  scanning  shift  registers.  Each  sensing  site  consists 
of  two  MOS  capacitors  with  their  surface  inversion  regions  coupled  such 
that  charge  can  easily  transfer  between  the  two  storage  regions  at 
each  imaging  site.  A large  voltage  is  applied  to  the  row-connected 
electrodes  so  that  photon-generated  charge  collected  at  each  site  is 
stored  under  the  row  electrode.  The  sensing  site  cross-sections  in 
Figure  4.53  illustrate  the  silicon  surface  potentials  and  locations  of 
stored  charge  under  various  applied  voltage  conditions. 

A line  is  selected  for  readout  by  setting  the  line  voltage  to 
zero  by  means  of  the  vertical  scan  register.  Signal  charge  at  all 
the  sites  in  that  line  is  transferred  to  the  column  capacitors, 
depicted  by  the  Row  Enable  condition  in  Figure  4.53b.  The  charge  is 
then  injected  by  setting  each  column  voltage  to  zero,  normally  in 
sequence,  by  way  of  the  horizontal  scan  register.  The  video  signal  can 
be  detected  in  the  substrate,  the  driver  circuit  or  the  driven  array 
lines.  Usually,  the  array  lines  provide  the  lowest  capacitance  environ- 
ment for  signal  detection.  The  half-select  condition  in  Figure  4.53b 
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describes  the  charge  condition  in  *',-e  unselected  lines.  This  injection 
and  readout  technique  has  been  termed  the  sequential  injection  method. 

The  "parallel  injection"  method  was  subsequently  developed  and 
will  now  be  described  (207,  208).  In  this  readout  method,  the  functions 
of  signal  charge  detection  and  injection  are  separated.  The  signal 
charge  at  each  sensing  site  is  detected  by  intracell  transfer  during  a 
line  scan  and  the  charge  in  the  selected  line  can  be  injected  during 
the  line  retrace  interval.  A diagram  of  a 4 x 4 site  array  similar  to 
the  sequential  injection  diagram  but  designed  for  parallel  injection, 
is  shown  in  Figure  4.54.  At  the  beginning  of  a line  scan,  all  rows 
have  voltage  applied  and  the  column  lines  are  reset  to  a reference, 
voltage,  Vg,  by  means  of  switches  tlirough  S,  , and  then  disconnected 
so  that  the  column  lines  float.  Voltage  is  removed  from  the  horizontal 
line  selected  for  readout  (X3  in  the  example),  causing  the  signal  charge 
at  all  sites  in  that  line  to  transfer  to  the  column  electrodes.  Due 
to  this  action,  the  voltage  on  each  floating  column  line  changes  by  an 
amount  equal  to  the  signal  charge  divided  by  the  column  capacitance. 

The  horizontal  scanning  register  is  then  operated  to  scan  all  column 
voltages  and  deliver  the  video  signal  to  the  on-chip  video  amplifier. 

At  the  end  of  each  line  scan,  all  the  charge  in  the  selected  line 
can  be  injected  simultaneously  by  driving  all  column  voltages  to  zero 
with  switches  through  S^.  As  an  alternative,  the  injection  operation 
can  be  omitted  and  voltage  reapplied  to  the  row  after  readout,  causing 
the  signal  charge  to  transfer  back  under  the  row  electrode.  This 
operation  is  therefore  a non-destructive  readout. 

The  parallel  injection  approach  permits  high  speed  readout  and  is 
compatible  with  TV  scan  formats.  A 244  line  by  248  element  imager 
employing  the  parallel  injection  technique  and  including  an  on-chip 
preamplifier,  has  been  designed  and  fabricated  with  a p-channel, 
silicon  gate  process,  modified  to  provide  a top  contact  to  the 
epitaxial  layer.  The  image  shown  in  Figure  4.55  was  produced  by  the 
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244  x 248  site  imager  exposed  to  a high  contrast  scene.  Note  that  the 
imager  is  highly  resistant  to  blooming,  as  indicated  by  the  image  of 
the  bright  automobile  headlights. 

4.3.3.  Image  Array  Performance.  4. 3. 3.1.  Resolution.  One 
important  property  of  image  sensors  is  spatial  resolution.  The  theory 
of  spatial  resolution  and  measurement  techniques  for  conventional  tube 
type  imagers  (vidico"ns,  image  orthocons,  and  silicon  diode  arrays)  are 
well  established  and  provide  an  excellent  base  for  comparison  of  CCD 
imagers.  The  raster-scan  format  of  TV  systems  dictates  that  the 
horizontal  and  vertical  resolution  must  be  treated  separately.  A solid 
state  imager  takes  spatially  discrete  samples  in  both  dimensions.  The 
Nyquist  theorem  states  that  the  highest  spatial  frequency  which  can  be 
resolved  is  equal  to  one-half  the  spatial  sampling  frequency  given  by 
the  periodicity  of  the  integration  sites  (9) . If  images  with  spatial 
frequencies  above  the  Nyquist  limit  are  projected  onto  an  image  sensor, 
those  frequencies  will  appear  reflected  back  into  the  baseband.  This 
results  in  aliasing  or  Moire  effects.  This  is  analogous  to  the 
situation  of  Brillouin  Zones  in  periodic  crystal  structures  (209) . 

An  important  parameter  in  defining  imager  resolution  is  Modula- 
tion Transfer  Function  (MTF) . The  MTF  is  the  ratio  of  device  output 
to  device  input  in  a particular  observation  domain  (210) . In  the 
frequency  domain,  the  MTF  relates  the  amplitude  and  phase  of  a sinus- 
oidal output  to  the  corresponding  sinusoidal  input  signal.  In  the 
case  of  a linear  system,  the  MTF  is  the  Fourier  transform  of  the 
impulse  response  function. 

The  MTF  for  a CCD  imager  is  the  product  of  functions  accounting 
for  the  signal  degradation  due  to  thin  film  surface  layer  diffraction 
and  refraction,  diffusion  of  photogenerated  carriers  in  the  semi- 
conductor bulk,  carrier  transit  to  and  in  the  inversion  layer,  image 
motion,  finite  cell  size,  and  transfer  inefficiency  in  the  readout 
process. 
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The  surface  layers  affect  quantum  efficiency  via  the  transmis- 
sivity and  absorption  in  the  layers  of  the  surface  structure.  The 
surface  layers  affect  the  MTF  by  near  field  diffraction  of  light  by 
the  gate  lines  and  for  non-zero  incident  light  angles  by  multiple 
reflections  in  the  surface  thin  film  layers  (210) . 

If  photons  are  absorbed  within  the  depletion  regions,  then  the 
collection  process  is  100  percent  efficient.  However,  if  photons  are 
absorbed  away  from  the  depletion  regions,  then  the  charge  configuration 
will  spread  as  it  diffuses  toward  the  depletion  regions,  with  a 
resulting  decrease  in  MTF  (91) . 

The  imaging  cell  size  affects  the  sensitivity  profile  of  the 
potential  well.  This  effect  is  defined  as  the  integration  MTF  which 
is  given  by  the  Fourier  transform  of  the  basic  integration  cell.  For 
a rectangular  cell  of  length  Ax  repeated  with  periodicity  P,  the 
integration  MTF  is 


MTF 


in  teg 


sin 


f 


f nAx 

f P 
max 

ttAx 


f P 
max 


(4.25) 


where  f/f  ^ Is  the  spatial  frequency  of  the  image.  For  2:1  interlace, 

f = 1/P.  For  Ax  = P,  the  first  zero  in  the  MTF  occurs  at  f = f = 
max  max 

1/P.  For  Ax  = P/2,  the  first  zero  occurs  at  f = 2/P.  Figure  4.56 

max  ° 

shows  the  integration  MTF  versus  normalized  spatial  frequency  for 
Ax  ■=  P/2  and  Ax  = P. 

The  effects  of  transfer  inefficiency  on  MTF  are  identical  to  the 
transfer  inefficiency  effects  in  CCD  analog  delay  circuits  and  will  be 
defined  as  transfer  MTF.  During  the  transfer  of  a sampled  sinusoid 
along  a CCD  shift  register,  a fraction  of  the  charge  e is  lost  from 
each  of  the  samples  at  each  transfer,  and  this  charge  is  added  to 
trailing  samples.  The  effect  of  this  dispersion  on  MTF  is  given  by 


Figuve 


4.56.  Integration  MTF  versus  normalized  spatial  frequency  (after  91) 


MTF  Correction  for  Transfer  Inefficiency  for 
a Two-Field  Readout 


Figure  4.57.  Transfer  MTF  versus  normalized  spatial  frequency  (after  146). 
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Figure  4.57  shows  the  transfer  MTF  versus  normalized  spatial  frequency. 

The  symmetry  of  the  curves  can  be  easily  explained.  The  Nyquist 
frequency  is  1/P  for  a 2:1  interlaced  array.  Also,  the  sampling  in  any 
field  occurs  at  spatial  frequency  1/P.  If  the  signal  to  be  sampled 
is  at  spatial  frequency  f,  then  the  frequency  in  the  field  is  f < 2/P. 
However,  if  1/P  < f < 2/P,  the  frequency  in  the  field  is  1/P-f,  which 
results  in  the  symmetrical  curves. 

The  calculated  vertical  and  horizontal  MTF  characteristics  for 
the  previously  described  190  x 244  element  array  with  transfer  inefficiency 
and  a parameter  are  shown  in  Figure  4.58. 

4. 3. 3. 2.  Blooming,  Image  blooming  in  an  imager  is  a detrimental 
characteristic  and  precautions  are  usually  taken  in  the  design  of  the 
imager  to  minimize  blooming  effects.  Blooming  is  characterized  as  an 
apparent  increase  in  the  size  of  an  image  of  a bright  object  under 
overload  conditions  and  in  some  cases  it  can  wash  out  most  of  the 
picture  information.  In  a CCD  blooming  condition,  excess  carriers  from 
a localized  overload  can  diffuse  through  the  bulk  to  neighboring  poten- 
tial wells.  In  addition,  the  charge  can  spread  preferentially  along 
the  transfer  channels,  producing  white  streaks  in  the  display  as 
shown  Ln  Figure  4.59.  The  streaking  phenomenon  is  even  more  objection- 
able than  circular  blooming. 

The  only  adequate  method  known  for  complete  blooming  suppression 
is  a charge  overflow  sink,  which  for  complete  blooming  suppression  must 
be  applied  to  every  sensor  element.  The  device  complexity  is  therefore 
considerably  increased  (75). 

The  organization  of  a CCD  frame-transfer  device  with  overflow 
sinks,  for  blooming  suppression  is  shown  in  Figure  4.60.  These  over- 
flow sinks  drain  off  excess  charge  that  might  otherwise  spill  into 
neighboring  potential  wells. 
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Figure  4.58.  Calculated  MTF  characteristics  of  the  190  x 244  element 
imaging  array  (after  75) . 


Figure  4.59.  Channel  blooming  in  a charge-coupled  imaging  device  with 
frame  transfer  organization,  (a)  Caused  by  reflections 
on  glasses  (b)  Caused  by  the  radiation  from  a match  and  a 
cigarette  (after  147). 
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Figure  4.60.  Organization  of  a CCD  area  image  sensor  with  frame- 

transfer  organization  and  overflow  sinks  placed  between 
the  vertical  transfer  channels  for  blooming  suppression 
(after  159). 
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CID  structures  are  inherently  resistant  to  blooming  since  each 
sensing  site  is  electrically  Isolated  from  its  neighbors.  Charge 
spreading  in  the  substrate  is  minimized  by  the  underlying  charge 
collector  (207).  Figure  4.55  was  produced  by  a 244  x 248  element  CID 
imager  exposed  to  a high  contrast  scene.  The  camera  utilized  a modified 
parallel  injection  readout  method  that  is  highly  resistant  to  image 
blooming,  as  indicated  by  the  automobile  headlamps.  The  blooming 
suppression  in  the  parallel  injection  CID  approach  occurs  because  the 
half-select  and  injection  operations  occur  during  the  horizontal  blank- 
ing interval.  While  excess  charge  can  accumulate  during  a line  scan 
interval  and  cause  column  brightening  for  overloads  occuring  in  the 
right-hand  portion  of  the  image  field,  this  effect  is  attenuated  by 
the  line-to-line  frame  integration  time  ratio. 

4. 3. 3. 3.  Quantum  efficiency  and  spectral  responsivity . The 
responsivity  of  a solid-state  imager  depends  on  the  electroopti cal 
properties  of  the  semiconductor.  CCD  image  sensors  can  have  quantum 
efficiencies  close  to  the  theoretical  limit  when  backside  illuminated. 
However,  when  frontside  illumination  is  used,  the  complicated  electrode 
structure  can  result  in  the  loss  of  a large  portion  of  the  incident 
light  by  reflection  and  absorption.  For  opaque  electrodes  separated 
by  gaps,  the  reduction  in  sensitivity  is  simply  the  ratio  of  the 
opaque  electrode  area  to  the  total  cell  area.  In  the  case  of  semi- 
transparent electrodes,  such  as  polysilicon,  loss  results  from 
absorption  and  from  the  reflections  at  the  various  silicon-silicon 
dioxide  interfaces,  which  cause  wavelength  dependent  interferences. 
Therefore  the  spectral  transmission  curve  and  the  response  of  the  device 
shows  peaks  and  valleys  (see  Fig.  5.44).  On  the  average,  a response 
loss  of  a factor  of  two  to  three  is  incurred  when  light  is  transmitted 
through  a polysilicon  electrode  structure,  with  a large  loss  in  the 
blue  region.  Average  values  for  the  quantum  efficiency  of  sensors 
fabricated  so  far  range  around  25%  with  absolute  responsivity  of 
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0.1  to  0.2  A/W  (9). 

A CID  electrode  using  metal  oxides  (211,  212)  has  increased  the 
sensitivity  and  flattened  and  extended  the  spectral  response  to  the 
blue  range.  Figure  4.61  shows  the  quantum  efficiency  and  spectral 
response  characteristic  of  one  of  these  devices,  which  has  a nearly 
uniform  spectral  response  from  400  to  800  nm  and  a 70%  quantum 
efficiency.  Figure  4.62  shows  the  transmittance  of  an  indium-tin  oxide 
film  compared  to  that  of  a polysilicon  film.  The  absorption  in  the 
polysilicon  film  at  reduced  wavelengths  is  apparent. 

4. 3.3.4,  Low  light  level  imaging.  In  low  light  level  imager 
applications,  signal-to-noise  ratio  and  resolution  are  related.  As  the 
signal-to-noise  ratio  falls  below  a certain  value,  the  response  from 
an  individual  resolution  element  starts  to  lose  its  significance  and 
the  signals  require  averaging  over  several  elements  in  order  to  extract 
meaningful  information.  Studies  (213)  have  indicated  that  the  signal- 
to-noise  ratio  for  the  charge  packets  originating  from  a fixed  location 
in  a solid-state  image  sensor  in  the  presence  of  a static  input  pattern 
must  exceed  a \felue  of  five  in  order  not  to  impair  the  maximum  resolution 
determined  by  the  geometry  of  the  device. 

The  irradiance  H required  to  obtain  a signal-to-noise  ratio,  K, 

o 

in  an  area  occupied  by  one  sensor  element  of  area  VJ  is  (213) 


H = 


lobs 

lgeom 


(4.27) 


where  N is  the  average  noise  per  packet,  C is  the  contrast  of  the  scene, 

6 is  the  sensor  quantum  efficiency,  t is  the  integration  time,  W is  the 

linear  dimension  of  the  assumed  square  sensor  cell,  L_DC  is  the  total 

number  of  observable  TV  lines  in  the  picture  height  and  is  the 

GEuM 

maximum  possible  number  of  TV  lines  in  the  picture  height  dictated  by 

AN 

the  cell  geometry.  C (contrast)  is  defined  as  s where  AN  is  the 

N S 

modulation  of  the  signal  Ng.  This  equation  s indicates  that  in 
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Figure  4.61.  Quantum  efficiency  and  spectral  response  of  a metal  oxide 
electrode  CID  imager. 
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Figure  4.62.  Transmittance  spectra  in  the  visible  region  of  indium- 
tin  oxide  compared  to  that  of  polysilicon  (after  212). 


the  noise-limited  region  for  any  given  value  of  observable  TV  line 

o 

resolution,  the  sensor  with  the  larger  active  imaging  area,  W . 
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will  be  more  sensitive.  It  also  states  that  H and  t may  be  traded  off 
directly. 

The  sensor  chip  noise  sources  are  thermal  shot  noise  associated 
with  the  sensor  and  shift  register,  Nyquist  (or  Johnson)  noise  at  the 
reset  switch  and  output  capacitance  and  surface  state  noise  associated 
with  the  transfer  of  charge  to  and  from  the  Si-SiO^  interface  states 
within  the  sensor,  shift  register  and  amplifier  (66). 

4.3.4.  Backside  Illumination.  As  previously  discussed  in  this 
report,  front-side  illuminated  CCD  imagers  have  a number  of  optical 
disadvantages:  one  disadvantage  is  that  the  frontside  SiC^  layers  do 
not  have  the  optimum  index  of  refraction  for  the  antireflection  coating 
of  the  silicon  surface.  Also,  uhe  glass  overcoating  used  for  mechani- 
cal chip  protection  causes  an  additional  deviation  from  the  optimum 
total  antireflection  coating  thickness.  Any  opaque  electrodes  reduce 
the  effective  imaging  area.  Polysilicon  electrode  absorption  of  blue 
light  and  interferences  at  the  interfaces  of  the  multilayer  structure 
cause  fluctuations  in  the  spectral  response  of  the  imager  which  is  of 
particular  importance  in  color  cameras  (214) . 

The  problems  encountered  in  frontside  illuminated  CCD  imagers  can 
be  eliminated  when  the  device  is  illuminated  on  the  back  side.  However, 
with  backside  illumination,  the  device  must  be  thinned  to  less  than 
the  sensor  element  center-to-center  spacing  to  prevent  significant 
lateral  diffusion  of  the  photogenerated  minority  carriers.  After 
thinning,  the  silicon  surface  must  be  accumulated  to  minimize  carrier 
recombination  at  the  back  surface.  Finally,  an  antireflection  coating 
is  deposited  on  the  backside  to  improve  the  optical  transmission. 

The  devices  are  normally  thinned  to  20-30  pm  (214,215).  A 
4 phase  anodized  aluminum  electrode  structure  imager  was  thinned  to 
less  than  30  pm  with  less  than  1 pm  variation.  Usually  the  rim  of  the 
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device  is  not  thinned  as  much  as  the  center  imaging  portion  to  provide 
mechanical  support  for  the  imaging  portion  and  to  allow  lead  bonding 
to  the  chip  without  breakage.  However,  this  selective  thinning  is 
very  difficult  to  accomplish  reproducibly  and  the  trend  today  is  away 
from  backside  illumination. 

Figure  4.63  shows  responsivity  characteristics  of  a thinned 
four-phase  linear  500  element  backside  illuminated  CCD  imager  and  a 
frontside  illuminated  three-phase  100x150  element  area  imager.  The 
smoothness  and  amplitude  of  the  backside  illuminated  device  curve 
indicates  the  improvement  which  can  be  obtained  with  backside  illumina- 
tion. The  curve  peaks  at  about  700  run  with  a quantum  efficiency  of 
about  90%  and  exceeds  50%  for  a spectral  range  from  500  to  900  nm.  The 
decrease  in  quantum  efficiency  at  the  longer  wavelengths  is  due  to  the 
thinness  of  the  silicon  material  and  the  long  infrared  absorption 
length.  At  the  shorter  wavelengths,  the  decrease  in  quantum  efficiency 
is  due  to  both  backside  surface  recombination  and  bulk  recombination 
(214). 

It  should  be  noted  that  backside-illumination  cannot  be  used  with 
the  interline  transfer  organization  since  the  vertical  transfer  channels 
cannot  be  easily  shielded  to  prevent  carriers  from  diffusing  directlv 
into  the  storage  registers. 

4.3.5.  Infrared  Image  Sensors.  CCD  infrared  image  sensors  are  a 
relatively  new  area  of  application  for  CCD's  and  a significant  amount 
of  work  is  now  being  done  in  this  area  (216,  217) . The  types  of 
infrared  CCD's  (IRCCD's)  which  have  been  explored  fall  into  two 
categories  of  devices  - monolithic  and  hybrid  (216) . 

The  monolithic  IRCCD's  usually  use  a conventional  CCD  structure 
on  a narrow  bandgap  or  extrinsic  semiconductor  sensitive  to  IR 
radiation,  or  combine  a Schottky-barrier  internal  sensing  array  with  a 
CCD  readout  technique. 

The  hybrid  versions  consist  of  one  of  several  possible  types  of 
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Figure  4.63.  Spectral  responsitivity  of:  0 , thinned  four -phase  linear 
500-element  backside-illuminated  CCD  imager,  and  A, 
frontside-illuminated  three-phase  100  x 150  element  area 
imager  (after  214). 
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IR  detectors  connected  to  a conventional  CCD  shift  register.  The 
purpose  of  the  silicon  CCD  in  this  case  is  to  perform  signal  processing 
functions  such  as  multiplexing,  amplification,  correlation,  delay, 
scanning,  etc.  Hybrid  IRCCD's  can  be  subdivided  into  two  classes  — 
direct  and  indirect  injection  devices.  In  the  direct  injection  device 
photogenerated  charge  is  injected  directly  from  the  IR  detector  into 
the  CCD  whereas  the  indirect  injection  device  adds  a buffer  between 
the  IR  detector  and  the  CCD  circuit  (216) . 

IR  applications  cover  many  fields  including  military,  industrial, 
medical  and  scientific  with  the  military  interest  being  the  largest. 

IR  devices  generally  operate  in  one  of  three  of  the  atmospheric 
transmission  windows  present  at  2. 0-2. 5 ym,  3.5-4. 2 ym,  and  8-14  ym. 

An  important  point  to  consider  in  IR  imaging  applications  is  that  the 
contrast  ratio  between  the  photon  flux  generated  by  an  incremental 
change  in  background  temperature  and  the  total  photon  flux  is  typically 
in  the  range  of  1.0  percent  in  the  2. 0-2. 5 ym  window  and  less  than  0.1 
percent  in  the  8-14  ym  window  both  for  0.1°K  change  (typical  for  IR 
imaging)  in  the  300°K  background.  These  low  contrast  ratios  require 
extremely  good  uniformity  in  the  IR  materials.  In  addition,  most  IR 
detectors  operate  at  reduced  temperatures  and  a cooling  system  is 
required.  ' - . 

4. 3. 5.1.  Monolithic  IRCCD’s.  Monolithic  IRCCD's  include  both 
inversion-mode  and  accumulation-mode  devices.  The  operation  of  the 
inversion  mode  device  is  essentially  the  same  as  silicon  CCD  devices 
except  that  the  device  is  fabricated  on  a narrow  bandgap  semiconductor 
material.  The  bandgap  of  the  semiconductor  determines  the  absorption 
peak  and  therefore  the  IR  window.  The  narrow  bandgap  semiconductors 
are  the  III-V,  II-VI  and  IV-VI  compounds  and  consist  of  materials  such 
as  InAs,  InSb,  Hg  , Cd  , Te,  PbTe  and  Pb.  Sn  Te  (216). 

XX  X X "“X  X 

Accumulation-mode  devices  operate  by  inducing  the  same  majority 
carrier  type  at  the  insulator-semiconductor  interface  as  in  the  bulk 
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of  the  semiconductor.  In  this  way,  an  extrinsic  substrate  can  be  used. 
The  IR  absorption  peak  is  determined  by  the  ionization  energy  of  the 
impurity  levels.  The  peak  response  of  gold-doped  germanium  occurs  at 
8 pm  and  Ga-doped  Si  at  17  pm.  The  devices  operate  in  a similar  manner 
to  conventional  CCD  devices.  One  accumulation-mode  device  (206)  uses 
a two-layer  overlapping  gate  structure.  This  64-cell  n-channel  device 
was  built  on  a phosphorous-doped  Si  substrate  and  demonstrated  a trans- 
fer efficiency  of  0.99  per  gate  at  25  KHz  at  4.2°K. 

Schottky-barrier  IRCCD's  can  be  made  based  on  the  internal  photo- 
emission from  metal-semiconductor  arrays  on  silicon.  Photons  of 
energy  are  absorbed  in  the  metal  resulting  in  the  excitation  of  a hot 
carrier  which  is  emitted  into  the  semiconductor.  The  emitted  current 
is  integrated  by  a negative  charge  accumulation  method. 

Monolithic  CCD  devices  have  also  been  used  for  IR  sensing  using 
InSb  (218). 

4. 3. 5. 2,  Hybrid  IRCCD's.  Hybrid  IRCCD's  have  received  more 
attention  to  date  than  monolithic  versions  due  to  the  fact  that  fewer 
device  compromises  are  incurred  if  the  IR  sensor  and  signal  processing 
circuits  are  separated. 

As  previously  stated,  in  the  direct  injection  IRCCD,  the  photo- 
generated charge  is  directly  injected  into  the  CCD  shift  register  thus 
implying  a DC  coupled  system.  Thus,  only  detectors  with  very  small 
DC  currents  such  as  photovoltaic  and  extrinsic  detectors  can  be  used 
in  order  to  prevent  overloading  the  CCD. 

The  basic  direct  injection  concept  is  illustrated  in  Figure  4.64 
for  an  N-on-P  IR  photodiode  and  an  n-channel  CCD.  The  IR  diode  is 
connected  to  a silicon  coupling  diode  on  the  CCD  chip.  The  MOS  input 
gate  of  the  CCD  reverse  biases  the  IR  diode  and  the  transfer  (XFER) 
gate  introduces  the  photodiode  current  into  the  CCD. 

Indirect  injection  IRCCD's  use  a buffer  stage  between  the  photo- 
detection stage  and  the  CCD  shift  register.  Two  types  of  Indirect 


Injection  devices  are  pyroelectric  detectors  and  photoconductive  thin 
films. 


In  the  photoconductive  film  technique,  a photoconductive  film  is 
deposited  on  silicon  dioxide  and  is  used  to  directly  influence  the 
channel  inversion  of  a MOS  device.  The  degree  of  inversion  of  this 
transistor  controls  the  rate  of  charge  flow  into  the  CCD.  This 
scheme  provided  a straightforward  and  relatively  easy  fabrication  method 
for  IRCCD  imagers. 

i 

Pyroelectric  detectors  use  the  temperature  dependent  polarization 
properties  of  certain  materials.  Detection  of  the  thermally  induced 
electric  polarization  of  the  pyroelectric  element  is  accomplished  by 
making  the  pyroelectric  the  dielectric  of  a capacitor.  Pyroelectric 
detectors  use  inexpensive  materials  and  operate  at  room  temperature  but 
their  sensitivity  is  considerably  lower  than  that  of  quantum  detectors 
(216). 

No  single  approach  to  IRCCD' s has  proven  itself  to  be  sufficiently 
versatile  for  all  applications  and  future  development  will  undoubtedly 
present  new  techniques  for  IRCCD 's  to  surpass  those  presently  used. 
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5.  DISCUSSION  AND  SUMMARY 


5.1.  Processing  Status  and  Problem  Areas 

Currently,  there  are  several  processes  used  in  the  development  and 
small-scale  production  applications  of  CCD's,  but  2 of  these  are  most 
widely  employed  in  industry  due  to  economic,  performance,  and  reliabili- 
ty considerations.  Because  of  reliability  and  tolerance  criteria 
overlapping  electrodes  are  required.  For  circuits  with  clock  frequencies 
less  than  5 MHz,  the  simple  p-channel  process  with  one  level  of  poly- 
silicon and  one  level  of  aluminum  metalization  is  the  main  contender 
with  the  anodized  double  aluminum  metalization  system  also  in  the 
running.  For  higher  performance  circuit  applications,  the  surface  and 
bulk  n-channel  process  using  two  levels  of  p-doped  polysilicon  and  one 
aluminum  metalization  layer  is  the  primary  process  being  used  in  the 
industry.  For  very  high  frequency  circuit  performance  (^100  MHz),  the 
profiled  bulk  channel  process  is  presently  the  only  possibility,  but 
this  process  is  still  in  the  development  stage. 

Since  CCD  circuits  went  from  the  small  trivial  circuits  to  very 
large  complex  circuits  without  really  passing  through  the  medium-scale 
integrated  circuit  region,  one  of  the  most  significant  problems  facing 
the  industry  is  the  problem  of  processing  defects  and  the  resulting 
low  yield.  In  many  large  imager  applications  (250  x 250  to  500  x 500), 
the  physical  dimensions  of  the  chip  are  greater  than  1 cm  x 1 cm 
and  thus  random  defects  which  could  be  ignored  for  smaller  chip  sizes 
become  extremely  important.  In  order  to  get  perfect  masks,  iron  oxide 
and  non-reflecting  chrome  masks  are  being  used  extensively,  and  pro- 
jection mask  alignment  is  becoming  more  popular  after  the  solution  of 
some  significant  problems.  Etching  tolerances  of  oxide,  polysilicon 
and  metal  layers  are  decreasing  with  5,0  pm  lines  and  5.0  pm  spacings 
being  generally  accepted  as  the  current  minimum  dimensions . Techniques 
such  as  wafer  scrubbing,  plasma  etching,  all-ion-implanted  structure 
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(except  for  polysilicon  doping),  decreasing  furnace  temperatures  (<1100°C) , 
etc.  are  all  being  considered  and  used  to  some  extent  to  minimize  the 
defect  problem.  Fortunately,  one  of  the  major  problem  areas  of  integra- 
ted circuits,  namely  contact  window  etching,  is  greatly  reduced  for 
CCD  devices  since  large  portions  of  CCD  circuits  are  contactless 
structures.  One  problem  which  ordinary  integrated  circuits  do  not 
have  which  strongly  affects  CCD  performance  is  dark  current  generation. 
The  main  source  of  dark  current  is  currently  considered  to  be  due  to 

i 

initial  wafer  and  process-induced  lattice  defects.  Float-zone  crystal 
growth  is  considered  to  be  currently  the  best  growth  method  from  the 
standpoint  of  wafer  lattice  defects.  To  decrease  process-induced 
lattice  defects,  lower  furnace  temperatures,  improved  preheating  and 
cooling  techniques,  oxidation  and  anneal  cycles  using  ambients  such  as 
2%  HC1,  etc.  are  currently  being  used.  Also,  to  induce  a diffusion 
of  impurities  and  lattice  defects  from  the  front  side  to  the  backside 
of  the  wafer,  defects  are  induced  on  the  backside  of  the  wafer  to 
attract  dark  current  generating  damage  sites  and  impurities  away  from 
the  frontside.  Heavy  phosphorus  diffusions  and  implants,  argon  implants, 
grinding  or  sandblasting,  etc.  are  some  of  the  backside  wafer  techniques 
currently  being  investigated  to  decrease  the  dark  current  via  decreasing 
the  damage  induced  generation  site  on  the  front  surface  of  the  wafer. 

5.2.  Circuit  Status  and  Problem  Areas 

The  level  of  integration  of  CCD  circuits  has  progressed  to  the 
point  of  where  the  CCD  state-of-the-art  readily  allows  50  to  100  thousand 
MOS  gates  to  be  fabricated  on  a chip  of  200  to  250  mils  per  side  and 
even  larger  levels  of  integration  are  being  developed. 

16,384  bit  quasi-serial  CCD  digital  memories  are  available  from 
Fairchild  Semiconductor  (CCD  460)  and  Intel  (2416) . The  Fairchild 
device  was  described  in  the  Digital  Circuits  section  of  this  report. 

A 65,536  bit  CCD  digital  serial  memory  is  reportedly  available  from 
Mnemonics,  Inc. 
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Analog  CCD  devices  do  not  lend  themselves  to  standardization  as 
readily  as  digital  devices  and  for  this  reason  very  few  analog  CCD 
devices  are  available  as  standard  commercial  devices.  One  analog  device 
which  is  available  is  the  Fairchild  CCD  311,  a 260-bit  analog  shift 
register.  However,  analog  CCD  devices  are  available  on  a custom  design 
basis  from  several  manufacturers. 

Linear  image  sensor  arrays  are  also  available  from  several  manu- 
facturers. Among  these  is  the  Fairchild  CCD  121,  a 1728  element  linear 
image  sensor. 

Area  image  sensors  with  approximately  half  of  conventional  TV 
resolution  are  also  available  and  several  of  these  have  been  described 
in  this  report.  Among  these  are  the  Fairchild  AID244,  a 190  x 244 
element  CCD  Area  Imaging  Device  and  the  General  Electric  244  x 248 
element  CID  area  imaging  array. 

New  CCD  devices  will  continue  to  be  introduced  at  an  increasing 
rate  and  many  of  these  new  devices  will  contain  more  elements  than 
presently  available  devices,  with  increased  device  density  and  improved 
performance. 

The  buried  channel  CCD  device  will  probably  become  the  CCD  technology 
standard,  replacing  surface  channel  technology.  N-channel  technology 
will  also  become  the  process  standard  because  of  its  higher  frequency 
response. 

The  major  problem  areas  in  CCD  circuits  are  low  yield  and  high  dark 
currents  (leakage).  The  low  yield  is  due  to  the  fact  that  the  level  of 
integration  attempted  with  CCD  circuits  is  progressing  as  fast  or 
faster  than  the  process  technology.  However,  the  semiconductor  industry 
has  always  operated  in  this  manner.  The  dark  current  of  the  favored 
buried  channel  process  is  higher  than  the  dark  current  of  surface 
channel  processes  and  many  buried  channel  devices  must  be  operated  at 
low  temperature  to  reduce  the  dark  current  and  obtain  acceptable  per- 
formance. However,  the  dark  current  problems  will  undoubtedly  be 
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CCO  CHIPS 

Ref.  worst  Case  Oe-efilp  Poxer  CXI#  Ar«e/8lt  Chip 


No. 

Bits/Chip 

Access  t f 
(ws  « mi) 

• 1 mz 
(uM/bit) 

Size 
(«i Is) 

Oip/Cel  1 
(ai is) 

Utl I flat  ion 

Technology 

219 

64r  x 256 6 

128  « 2 

9 

143x237 

2.1/1. 1 

0.53 

40  2 level  polys  Ml  con  gates 

154 

4x32 rxl 28b 

* (LAflAH) 

26  § 3 

10 

220x200 

2. 7/1. 5 

0.37 

10  2 level  polysilicon  gates 
burled  channel 

220 

9 r x 1024b 

312  f 2 

15 

135x200 

2.9/ 1.3 

0.44 

20  2 level  polysilicon  gates  , 
buried  channel 

221 

4x4 k SPS 

430  « 10 

1.5 

136x169 

1.4/0.37 

0.40 

20  2 level  pr:,»Mlcon  gates 
E/B  operation 

222 

4x4 k SPS 

400  < 10 

10 

124x350 

(89x246) 

2.7/1. 2 

(1.35/0.7) 

0.45 

(0.32) 

30  3 levol  9 polysilicon  gates 

(same,  * ith  7 um  gates)* 

223 

16x4k  SPS 

400  « 10 

0.5 

235x2(3 

0.76/0.4 

0.32 

20  offset  gate  process 

Figure  5.1.  Chip  sizes  and  bit  areas  of  state-of-the-art  CCD  memory 
chips  (after  218). 
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solved  in  the  future  as  the  technology  progresses. 

5.3.  yield  and  Area  Considerations 

Since  CCD  device  technology  is  very  similar  to  conventional 
dynamic  MOS  technology,  used,  for  instance  in  the  4K  bit  dynamic  MOS 
RAM's,  it  is  expected  that  yield  per  unit  area  will  be  similar. 
Furthermore,  the  yield  of  a given  device  determines  its  economic 
viability,  e.g.  at  any  given  time,  there  is  a maximum  chip  size  beyond 
which  the  costs  per  function  increase  so  drastically  that  the  device 
is  not  feasible.  Under  this  assumption,  the  chip  area  per  function  is 
then  the  primary  element  of  concern. 

Figure  5.1  is  a summary  of  data  on  a number  of  large  CCD  memory 
chips  (218) . The  data  in  this  table  represent  the  state-of-the-art 
in  CCD,  which  is  constantly  progressing.  This  table  indicates  the 
chip  size,  area  per  bit  and  technology  of  these  state-of-the-art  chips. 
It  is  seen  from  this  table  that  the  2-level  polysilicon  gate  process 
with  electrode  per  bit  (E/B)  operation  and  the  offset  gate  process 
result  in  the  smallest  bit  area. 

The  major  yield  problem  areas  remaining  are  as  follows: 

1)  Difficulty  with  polysilicon  and  aluminum  etching  due  to  5 pm 
line  widths  and  5 pm  line  spacing. 

2)  Difficulty  with  deposited  oxide  and  nitride  pin  holes  creating 
interlevel  shorts. 

3)  Contact  holes  in  the  peripheral  circuit  regions,  e.g.  shift 
registers  and  transfer  devices. 

4)  Poor  masks. 

5)  Contamination  on  wafers  due  to  residual  photoresist,  dust,  etc. 

6)  High  dark  current. 

7)  Threshold  voltage  uniformity. 

5.4.  Cost  Considerations 

The  processing  cost  of  both  n-channel  and  p-channel  CCD  devices 
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is  somewhat  more  expensive  than  conventional  M0S  processing  because  an 
additional  gate  electrode  level  is  required,  dark  current  control  techniques 
are  required,  both  gate  threshold  and  field  threshold  control  are 
required,  additional  ion  implants  for  channel  definition,  barriers  and 
buried  channels  may  be  required,  and  the  initial  wafer  specifications 
on  resistivity  and  dislocation  density  are  more  stringent  than  those 
for  conventional  MOS  processes.  However,  not  withstanding  these 
additional  costs,  the  primary  impetus  in  CCD  technolgoy  is  low  cost  per 
bit  (or  image  element) . 

J 

Manufacturers  of  CCD  devices  expect  to  maintain  reasonable  yields 
even  as  the  device  densities  increase  to  an  unprecedented  level  (224) . 

The  CCD  device's  increased  functional  density  is  due  to  two  factors. 

First,  it  requires  a smaller  area  for  each  bit.  The  64,000  bit  CCD 

O 

memory  recently  described  (223)  has  a per  bit  area  of  0.8  mil  . 

Second,  the  number  of  contacts  and  diffusions  is  smaller,  thus  decreasing 
the  effect  of  these  yield-reducing  steps  and  providing  acceptable  yield 
on  larger  chips  than  are  practical  with  conventional  MOS. 

In  1975,  the  cost  of  CCD  shift  registers  and  MOS  random  access 
memories  was  comparable.  However,  in  1978  the  price  per  bit  spread 
is  projected  to  be  much  greater,  as  shown  in  Figure  5.2.  The  reasons 
for  this  are  twofold.  First,  the  production  process  for  CCD's  was  new 
in  1975.  This  tended  to  dictate  lower  yields  and  more  conservative 
designs.  In  1978  the  process  will  be  well  defined  and  good  yields  can 
be  expected.  Second,  the  market  for  CCD's  in  1975  was  new  and  not  as 
well  defined  or  established  as  that  of  the  read/write  memories.  In 
1978  this  situation  will  change  drastically  (225)  . 

These  predictions  all  assume  conventional  photolithographic 

processing,  which  is  the  factor  that  limits  the  minimum  cell  size. 

2 

However,  CCD  bit  sizes  even  smaller  than  0.5  mil  are  capable  of  oper- 
ating without  signal-to-noise  ratios  being  degraded  beyond  the  point 
of  practical  operation.  Consequently,  the  exploitation  of  high-resolution 
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electron-bean  Image  definition  in  CCD  fabrication  appears  likely. 

5.5.  Reliability 

There  are  few  reports  on  CCD  reliability  at  this  time.  Since  the 
CCD  processes  are  similar  to  MOS  dynamic  RAM  processes,  there  is  no 
reason  to  believe  that  the  reliability  should  be  significantly  different. 

One  reliability  report  from  Intel  describes  the  results  of  life 
tests  on  their  16K  bit  CCD  memory  with  119,000  device-hours  at  160°C. 

The  projected'  failure  rate  at  70°C  at  60%  confidence  is  0.026%/1000 
hours  which  is  comparable  to  other  MOS  parts. 

5.6  Radiation  Effects 

Since  CCD  devices  are  essentially  arrays  of  MOS  capacitors,  many 
of  the  radiation  effects  seen  in  MOS  devices  will  also  occur  in  CCD's, 
particularly  oxide  charging  and  increase  in  fast  interface  3tate  density. 
However,  because  of  the  nature  of  the  CCD  device  operation,  the  CCD 
device  will  be  relatively  insensitive  to  threshold  shifts  due  to 
radiation,  whereas  conventional  MOS  devices  are  very  sensitive  to  fast 
interface  states  and  both  surface  channel  and  buried  channel  CCD's 
are  sensitive  to  dark  current. 

One  device  which  has  been  characterized  in  a radiation  environ- 
ment is  a 500-element  three-phase  surface  channel  shift  register  with 
planar  aluminum  electrodes  (91) . The  radiation  source  was  cobalt 
60  gamma  radiation.  The  flat-band  voltage  shift  versus  dose  is  shown 
in  Figure  5.3  and  the  flat-band  voltage  increases  almost  directly  with 
the  logarithm  of  the  dose.  The  transfer  inefficiency  radiation  char- 
acteristic is  shown  in  Figure  5.4.  Approximately  an  order  of  magnitude 
increase  in  transfer  inefficiency  was  observed  at  3 x 10^  rad.  The 
increased  transfer  inefficiency  is  attributed  to  increased  interface 
trapping.  The  fast  interface  state  density  and  the  dark  current 
density  are  shown  in  Figure  5.5.  Again,  note  the  order  of  magnitude 
increase  in  interface  state  density  and  dark  current  at  3 x 10^  rad. 
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Figure  5.4.  Transfer  inefficiency  radiation  characteristic  for 
500  stage  shift  register  (after  91). 


Interface  state  density  and  dark  current  radiation 
characteristics  for  500  stage  shift  register  (after  91) 


A 64-element  surface  channel  stepped  oxide  structure  shift  register 
with  polysilicon  and  aluminum  electrodes  was  also  characterized  under 
radiation  (91).  Figure  5.6  shows  the  flat-band  voltage  radiation 
characteristic,  with  a negative  shift  in  flatband  voltage  occuring  on 
both  the  aluminum  and  polysilicon  electrodes.  The  transfer  inefficiency 
curve  is  shown  in  Figure  5.7.  Here,  the  preirradiation  transfer 
inefficiency  was  recovered  when  the  operating  voltages  were  adjusted  to 
compensate  for  the  flatband  shifts  and  re-establish  the  initial  fat- 
zero  level.  However,  at  3 x 10^  rad,  the  formation  of  interface  states 
resulted  in  an  increase  in  the  transfer  inefficiency  and  also  an  increase 
in  dark  current  occurred  which  could  not  -be-cempensa.ted  by  adjusting  the 
operating  voltages. 

A 64-stage  two-phase  n-channel,  buried  channel,  polysilicon  and 
aluminum  gate  circuit  was  also  tested  under  radiation  (226).  In  this 
case,  the  radiation  source  was  1 MEV  electrons.  Figure  5.8  shows  the 
channel  turn-on  voltage  versus  radiation  dose.  This  characteristic  is 
similar  to  that  observed  on  the  64-element  surface  channel  device  just 
described,  and  can  be  compensated  by  adjusting  the  operating  voltages. 
Figure  5.9  shows  the  transfer  inefficiency  characteristic  of  this  device 
and  it  is  seen  that  no  significant  degradation  of  transfer  inefficiency 
occurs  up  to  10^  rads.  Figure  5,10  shows  the  dark  current  character- 
istic. No  serious  increases  are  observed  up  to  3 x 10^  rad. 

If  buried  channel  CCD  devices  are  used,  and  if  the  operating 
voltages  are  automatically  varied  by  monitoring  the  flat-band  voltage 
of  a test  device  on  chip,  it  appears  that  CCD's  can  be  as  radiation 
hard  as  the  adjacent  MOS  circuits  and  should  maintain  satisfactory 
performance  to  about  5 x 10^  rad (Si) . (226) . 
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TRANSFER  INEFFICIENCY 


Figure  5.8.  Channel  turn-on  voltage  radiation  characteristic  for 
64-stage  buried  channel  device  (after  226). 


Figure  5.9.  Transfer  inefficiency  radiation  characteristic  for 
64-stage  device  (after  226) . 
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OOSC  in  RAOS  (Sc) 


Figure  5.10.  Dark  current  radiation  characteristic  for  64-stage 
device.  INT  = Integration  mode,  CONT  = Continuous 
mode  (after  226) . 


6.  CONCLUSIONS,  PROGNOSIS,  AND  RECOMMENDATIONS 
6.1.  Conclusions 

The  devices  described  in  this  paper  rely  on  the  basic  concept  of 
moving  potential  wells  along  a semiconductor  surface.  The  CCD  has  prog- 
ressed from  the  aluminum  gap  electrode  device  with  its  low  yield  and 
surface  sensitivity  to  the  modern  overlapped  gate  polysilicon  devices 
with  their  relatively  good  yield,  reproducible  characteristics  and 
stability. 

Even  though  a CCD  can  be  considered  as  a special  type  of  MOS 
device,  the  most  useful  description  of  the  CCD  is  in  terms  of  microscopic 
physical  parameters  rather  than  equivalent  circuit  models.  To  some 
degree,  the  same  statement  also  applies  to  input  and  output  circuits, 
especially  where  conventional  MOS  components  join  the  CCD  channels. 

This  is  due  to  the  fact  that  conventional  MOS  circuits  are  described  in 

\ 

terms  of  currents  and  voltages  and  their  internal  device  transient 
time  constants,  such  as  the  time  to  form  and  collapse  an  MOS  channel, 
are  much  shorter  than  the  circuit  time  constants.  Thus  conventional 
MOS  devices  can  be  considered  as  steady-state  MOS  channels  that  can  be 
readily  represented  in  equivalent  circuit  form. 

However,  the  CCD  transfer  of  small  charge  packets  from  one  low 
capacitance  CCD  storage  site  to  another  involves  very  small  transient 
currents.  Therefore,  the  operation  of  CCD's  is  determined  only  by  the 
transient  channel  characteristics  rather  than  steady  state.  These 
transient  channels  are  not  amenable  to  equivalent  circuit  formulations. 

It  is  interesting,  however,  that  the  theory  developed  for  CCD 
operation  has  provided  insight  into  new  MOS  components,  such  as  the 
concept  of  charge  pumping,  the  charge  injection  device,  and  the  new 
16K  bit  MOS  RAM's.  It  is  safe  to  conclude  that  the  CCD  principles 
developed  to  date  will  become  accepted  as  integral  parts  of  MOS  circuit 
technology  (227) . 
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There  are  still  aspects  of  CCD's  where  the  current  analysis 
technique  of  device  operation  are  incomplete.  This  is  especially  true 
for  CCD  input  and  output  circuits  where  linearity  and  noise  are  important. 

A better  understanding  of  interface  states  must  be  developed. 

Present  techniques  for  characterizing  the  trapping  process  are  suhject 
to  large  uncertainties,  although  measurements  of  charge  transfer  ineffi- 
ciency and  transfer  noise  in  surface  channel  CCD's  can  be  used  to 
characterize  the  effects  of  interface  state  densities  on  circuit 
performance. 

A better  understanding  of  the  transfer  behavior  of  very  small 
charge  packets  needs  to  be  developed.  This  is  very  important  in 
determining  the  ultimate  limit  of  detectability  in  low  light  level 
image  sensors. 

Since  the  basic  CCD  device  operation  is  now  fairly  well  understood, 
the  present  work  is  mostly  being  concentrated  on  fabricating  large 
devices  with  practical  functions,  decreasing  cost  of  processing,  and 
increasing  yield  and  reliability.  Most  devices  now  being  fabricated 
use  one  to  three  levels  of  polysilicon  and  one  layer  of  aluminum  for 
bus  lines  and  bonding  pads.  The  use  of  polysilicon  results  in  CCD 
devices  with  low  interface  state  densities  and  good  transfer  efficiency. 

To  a great  extent,  the  real  manufacturers  of  present  CCD  devices  are 
using  their  standard  silicon  gate  MOS  process  as  a base  process  for 
CCD  devices  by  adding  a few  steps  to  the  basic  MOS  process  to  achieve 
the  extra  gate  level (s),  buried  channels,  etc. 

Since  the  major  impact  of  CCD  devices  will  be  in  large  arrays, 
particularly  for  memory  and  imaging,  photolithography  is  now  more 
important  than  ever.  Optical  mask  exposure  has  reached  its  resolution 
limit  and  electron  beam  exposure  seems  to  be  the  promising  technique 
of  the  near  future. 

The  source  of  dark  current  is  very  poorly  understood  at  present 
and  little  is  known  about  how  dark  current  behaves  under  different 
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conditions.  Reduction  of  high  temperature  processing,  extreme  clean- 
liness and  gettering  and  annealing  are  all  very  important  and  can  lead 
to  devices  with  low  dark  current,  although  the  physical  phenomena 
involved  are  not  well  understood  (9). 

CCD  memories  are  now  emerging  in  large  numbers.  Several  16K  bit 
chips  are  now  available  and  a recently  announced  64K  bit  chip  (207) 
will  be  available  in  1976,  The  storage  capacity  increase  of  CCD 
memories  has  been  doubling  annually,  following  the  same  curve  as  MOS 
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RAM's,  although  the  MOS  RAM  curve  is  decreasing  in  slope. 

There  are  two  major  trends  in  CCD  memory  chip  organization.  One 
trend  is  for  large,  low  cost,  slow  access  systems,  using  serial-parallel 
serial  blocks  with  electrode  per  bit  operation.  The  other  trend  is 
toward  short  access  time,  using  short  shift  registers  in  a line 
addressed  mode.  The  cost  of  these  two  approaches  may  differ  by  a 
factor  of  2 and  the  access  time  may  be  different  by  a factor  of  10. 
Multilevel  storage  with  2 bits  per  charge  packet  is  a possibility  for 
the  future,  although  little  work  has  been  reported  on  it  to  date. 

CCD  memories  require  from  1/2  to  1/4  the  area  per  bit  than  MOS  RAM' 
With  the  additional  innovations  of  electrode  per  bit  and  multilevel 
storage,  CCD's  could  have  an  order  of  magnitude  cost  advantage  per  bit 
over  MOS  RAM's  in  the  future  (218). 

A simple  calculation  shows  that  if  processing  improves  to  0.1  to 
0.14  mil  line-width  capability,  a CCD  bit  will  require  0.1  to  0.2  square 
mils  of  silicon  area.  If  the  chip  area  is  50%  utilized  for  storage  and 
2 bit  per  packet  storage  is  used,  a 200  x 200  mil  chip  will  contain  up 
to  4 x 10^  bits.  At  a $4.00  chip  cost,  the  price  per  bit  is  one 
millicent.  This  is  indeed  impressive  and  would  certainly  result  in 
widespread  usage  of  CCD  memories  (218). 

In  addition  to  simple  analog  delay,  an  exciting  function  in  analog 
CCD's  is  the  transversal  filter.  Once  a transversal  filter  is 
implemented,  many  other  signal  processing  functions  can  be  obtained. 


These  CCD's  can  ba  used  Co  implement  time- invariant  finite  Impulse 
response  (FIR)  filters  which  can  be  constructed  for  pre-emphasis,  de- 
emphasis or  bandpass  operation.  Since  the  CCD  clock  frequency  can  be 
easily  varied,  so  can  the  filter  frequency  response. 

The  quadrature  filter  implemented  with  CCD's  is  useful  for  providing 
single  sideband  modulation,  and  for  providing  the  analytic  signal 
representation  of  an  arbitrary  signal. 

Tapped  CCD's  can  be  used  to  implement  some  important  time  varying 
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filters.  The  discrete  Fourier  transform  (DFT)  can  be  implemented  by 
means  of  fixed  weight  FIR  filters  and  point-by-point  multiplication. 

This  implementation  of  the  FFT  is  called  the  chirp-Z-transform  (CZT) 
and  allows  direct  computation  of  a DFT  in  real  time. 

There  are  several  limitations  in  analog  CCD's,  primarily  due  to 
the  fact  that  the  analog  signal  is  degraded  as  it  is  shifted  through 
the  array.  Some  of  these  limitations  are  caused  by  dark  current, 
charge-transfer  inefficiency,  and  clock  noise.  Other  limitations 
result  from  the  limited  dynamic  range,  tap  weight  inaccuracy,  and 
output  signal  amplifier  nonlinearities.  For  an  analog  CCD  to  be 
really  useful,  signal-to-noise  ratios  greater  than  40  dB  and  accuracy 
equal  to  8-10  bits  are  required.  In  addition,  the  CCD  frequency 
response  is  also  important. 

Electrically  alterable  filters  will  be  required  for  future 
applications  for  matched  filtering  in  signal  detection  and  cross-correla- 
tion and  convolution  in  adaptive  filtering.  Initial  progress  toward 
this  goal  has  been  obtained  with  the  "charge  sloshing"  correlator. 
However,  future  systems  will  require  correlation  with  analog  or 
multilevel  digital  weights  and  this  needs  investigation. 

For  analog  CCD's  to  really  pay  off  in  the  future,  high  performance 
analog  memories  must  be  developed  to  store  the  analog  signals  during 
the  signal  processing. 

To  quote  reference  228,  "Perhaps  the  ultimate  use  of  analog 
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signal  processing  with  CCD’s  will  take  place  in  systems  where  the 
processing  appears  to  be  digital  to  the  external  user;  but  internally 
on  the  chip,  the  digital-to-analog  and  analog-to-digital  conversions 
are  performed  using  "charge"  as  the  signal  representation". 

Since  the  CCD  concept  was  introduced  in  1970,  solid  state  imaging 
technology  has  progressed  tremendously.  Area  arrays  have  been 
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operated  which  produce  useful  images  down  to  light  levels  of  10  \)/m 

which  correspond  to  starlight  illumination  on  a medium  reflectance, 

100  percent  contrast  scene  and  produces  25  electrons  per  pixel  in  the 
highlights.  The  major  issues  in  contention  today  in  image  array 
technology  are  surface  channel  versus  burled  channel,  and  frame 
transfer  versus  interline  transfer  versus  CID.  These  issues  will  be 
discussed  below. 

The  SCCD  differs  from  the  BCCD  primarily  in  the  location  of  the 

channel  with  respect  to  the  semiconductor-insulator  interface.  The 

main  advantage  of  the  BCCD  is  that  the  channel  does  not  interact  with 

interface  states.  Therefore  interface  state  trapping  is  not  present 

and  the  need  for  a bias  charge  is  eliminated.  Charge  packets  in  BCCD's 

do  interact  with  bulk-trapping  states;  however,  these  trapping  states 

are  characterized  by  low  densities  and  discrete  energy  levels.  In 

practice,  bulk  trapping  is  not  a problem  for  buried  channel  area  arrays 

down  to  10  electrons  per  pixel  per  frame.  The  BCCD  also  has  a large 

fringing  field  component  which  aids  charge  transfer.  This  allows  BCCD's 

-4 

to  be  operated  with  transfer  inefficiencies  of  10  or  less  up  to 
25  MHz. 

The  BCCD  does  require  additional  processing  to  implant  the  n-layer 
in  the  p-substrate  and  it  has  higher  theoretical  dark-current  than  the 
SCCD.  The  charge  handling  capacity  of  a shallow  BCCD  is  about  equivalent 
to  that  of  a SCCD  with  20  percent  bias  charge.  Table  6.1  summarizes 
the  characteristics  of  surface  channel  and  buried  channel  area  imaging 
arrays. 
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Surface  Channel/  Buried  Channel  Comparisons 


Surface  Channel 

Buried  Channel 

Limiting 

temporal 

noise 

Surface  trapping, 
hundreds  of  electrons 

Bulk  trapping,  signal-level 
dependent,  tens  of  electrons 
at  low-signal  levels 

Limiting 

pattern 

“noise" 

Nonuniform  background 
charge 

Hundreds  of  electrons 

Nonuniform  dark  current  den- 
sity, highly  dependent  on 
temperature,  several  elec- 
trons at  -20°  C 

Detectivity 

limit 

Hundreds  of  electrons 

Tens  of  electrons,  low-light 
level  solid-state  imaging 
possible 

Speed 

limit3 

< 10  MHz 

25  MHz  for  shallow  buried 
channels 

‘Assuming  standard  photolithographic  design  rules. 


Table  6.1.  Surface  channel/burled  channel  comparisons  (after  229), 


Tradeoffs  Between  Frame  Transfer  CCD,  Interline  Transfer 
CCD  and  CID  Area  Arrays 


Frame  Transfer  CCD 

Interline  Transfer  CCD 

CID 

Versatility 

Frontside  or  backside  illu- 
mination possible,  can  be 
used  foi  TDI 

Frontside  illumination  only,  separate 
sensors  make  video  signal  proces- 
sing possible 

Frontside  illumination  only  with  epi-CID, 
different  design  required  for  backside 
illumination,  random  readout  possible 

Sensitivity  : 

Large  fraction  of  theoretical 
silicon  response  in  back- 
side illuminated  mode 

Less  than  theoretical  silicon  response 
by  a factor  between  2 and  4 due  to 
frontside  layers  and  shielded  ver- 
tical registers 

Large  fraction  of  theoretical  silicon  re- 
sponse in  backside  illuminated  mode 

Anti-blooming 

control 

Accumulation  around  cells 
can  be  used  in  surface 
channel  arrays 

Drain  diodes  between  columns  can  be 
designed  into  the  array  to  provide 
column  anti-blooming 

Accumulation  around  cells  and  the  epi- 
substrate  junction  provide  excellent 
anti-blooming  control 

Integration 
MTF  at  limit- 
ing resolution: 
Vertical* 
Horizontal 

0 

0.6 

o © 

VO  ON 

0.6 -0.9 
0.6-0.9 

Problems 

Hign-speed  vertical  transfer 

Complex  cell 

Pattern  “noise” 

‘With  2: 1 vertical  interlacing. 


Table  6.2.  Tradeoffs  between  frame  transfer  CCD,  interline  transfer 
CCD  and  CID  area  arrays . 
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CCD's  have  been  fabricated  and  evaluated  in  two  different  designs  - 
frame  transfer  (FT)  and  interline  transfer  (IT).  The  CID  is  a third 
array  design.  Table  6.2  lists  some  of  the  important  tradeoffs  between 
FT,  IT  and  CID  arrays. 

The  FT  organization  allows  front  or  backside  illumination.  The  IT 
array  can  only  be  front  side  illuminated  because  the  transport  registers 
cannot  be  shielded  from  the  backside.  The  CID  array  can  be  backside 
illuminated  if  a design  modification  is  made.  The  CID  array  also  allows 
random  access  to  image  sites  which  may  be  useful  for  tracking. 

With  frontside  illumination,  all  three  organizations  suffer  from  a 
Joss  of  sensitivity  due  to  reflection  at  the  frontside  layer  interfaces 
and  absorption  by  the  polysilicon  electrodes.  In  addition,  the  IT 
organization  suffers  from  the  loss  of  photons  which  fall  on  the  opaque 
regions  which  shield  the  vertical  transport  registers. 

Antiblooming  control  can  be  designed  into  all  3 types  of  arrays. 
Useful  antiblooming  control  up  to  about  10  times  saturation  can  be 
achieved  in  FT  and  CID  arrays  by  biasing  the  regions  around  the  cells 
into  accumulation  during  integration.  Some  degree  of  antiblooming 
control  can  be  achieved  with  IT  arrays  with  drain  diodes  between  the 
vertical  transport  registers. 

Other  problems  of  the  3 array  organizations  are  1)  the  high-speed 
vertical  transfer  from  the  imaging  section  into  the  storage  section  in 
FT  arrays,  2)  the  fabrication  complexity  of  the  IT  cell,  and  3) 
susceptability  of  CID  arrays  to  pattern  "noise"  associated  with  the  X-Y 
readout  technique  (229). 

6.2.  Prognosis 

CCD  technology  will  find  wide  acceptance.  The  basic  CCD  device 
requires  few  junction  diffusions  and  contacts  and  the  functional  packing 
density  is  extremely  high. 

The  two  major  areas  of  application  will  be  self-scanned  image 
sensors  and  digital  shift  register  memories. 
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CCD  imaging  devices  will  ultimately  replace  silicon  vidicons  (225). 
The  use  of  silicon  vidicon  devices  will  correspondingly  decline  within 
the  next  5 years. 

At  this  time  there  is  no  clear  winner  in  the  competition  between 
FT,  IT  and  CID  arrays.  For  the  commercial  market,  the  winner  will 
probably  be  the  one  which  produces  TV  quality  images  first  and  can 
produce  the  parts  in  quantity  (229).  For  military  applications,  all 
3 array  types  will  probably  co-exist  for  several  years  because  each 
has  characteristics  valuable  to  such  applications. 

In  CCD  memories,  the  first  parts  will  span  the  storage  region  from 
16K  to  64K.  bits  per  chip  at  shift  rates  from  2 to  5 MHz.  CCD  memories 
for  digital  computers  are  not  merely  replacements  for  RAM's  or  disks. 
They  are  a new  cost  effective  component  in  the  memory  hierarchy  having 
access  times  much  faster  than  drums  or  disks  but  slower  than  core 
memory  or  MOS  RAM's.  They  will  find  totally  new  markets  as  computer 
architecture  is  designed  to  utilize  their  unique  characteristics. 

By  1985  the  CCD  memory  cost  per  bit  will  be  on  the  order  of 
0.006  cents  with  an  average  access  time  of  6.4  yseconds  and  128K  bits 
per  chip. 
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6.3.  Recommendations 


CCD's  are  finding  increasing  applications  and  it  appears  that 
they  will  have  a future  in  large  systems.  It  appears  premature,  however, 
to  incorporate  CCD's  into  complex  systems  which  are  expected  to  have  a long 
life  and  high  reliability. 

A)  New  parts  are  continually  being  introduced  and  standard  products 

I 

are  difficult  to  identify  at  this  time.  This  might  make  replacement 
difficult. 

B)  Little  is  known  yet  about  reliability.  Although  in  principle, 
CCD's  should  be  comparable  to  MOS  circuits  in  reliability,  the  effects  of 
the  different  processing  steps  involved  are  not  determined. 

C)  CCD  technology  is  progressing  rapidly  but  some  of  the 
physical  processes  influencing  operation  are  not  well  understood.  If,  for 
example,  the  carrier  generation  rate  could  be  reduced  substantially, 
considerable  improvement  in  performance  could  be  achieved  in  memories, 
imagers  etc. , causing  existing  parts  to  become  obsolete. 

It  is  recommended  that  the  FAA  not  include  CCD's  in  complex  systems 
at  this  time,  but  should  follow  their  development  along  with  that  of 
other  technologies.  The  use  of  CCD's  should  be  reexamined  in  about  1978. 


285 


REFERENCES 


[1]  "Analog  Speicherkette:  Elne  newartige  Schaltung  zum  Speichen 
und  Verzoegern  von  Sighalen','  G.  Krause,  Electronics  Letters, 
p.  544,  (1967). 

[2]  "Bucket  Brigade  Electronics  - New  Possibilities  for  Delay  Time-Axi 
Conversion  and  Scanning",  F.L.J,  Sangster  and  K.  Teer,  IEEE 
Journal  of  Solid-State  Circuits,  p.  131,  (1969). 

[3]  "The  Bucket  Brigade  Delay  Line,  A Shift  Register  for  Analogue 
Signals",  F.L.J.  Sangster,  Philipps  Tech.  Review,  p.  97,  (1970). 

[4]  "Integrated  Bucket  Brigade  Delay  Line  Using  MOS  Tetrodes", 

F. L.J.  Sangster,  Phillips  Tech.  Review,  p.  266,  (1970). 

[5]  "Experimental  Verification  of  the  Charge  Coupled  Device  Concept", 

G. F.  Amelio,  M.F.  Tompsett,  and  G.E.  Smith,  BSTJ,  p.  593,  (1970). 

[6]  "Charge-Coupled  Semiconductor  Devices",  W.S.  Boyle  and  G.E.  Smith, 
BSTJ,  p.  587  (April  1970). 

[7]  "Charge-Coupled  8-Bit  Shift  Register",  M.F.  Tompsett,  G.F.  Amelio, 
and  G.E.  Smith,  Applied  Phys.  Lett.,  p.  Ill,  (1970). 

[8]  "Blooming  Suppression  in  Charge  Coupled  Area  Imaging  Devices", 

C.H.  Sequin,  BSTJ,  p.  1923,  (Oct.  1972). 

[9]  Charge  Transfer  Devices  , C.H.  Sequin  and  M.F.  Tompsett, 

Academic  Press,  New  York  (1975). 

[10]  Physics  and  Technology  of  Semiconductor  Devices  , A.S,  Grove, 

John  Wiley  and  Sons,  Inc.,  New  York  (1967). 

[11]  Physics  of  Semiconductor  Devices  , S.M,  Sze,  John  Wiley  and  Sons, 
Inc.,  New  York  (1969). 

[12]  "The  Buried  Channel  Charge  Coupled  Device",  R.H.  Walden,  R.H. 
Krambeck,  R.J.  Strain,  J.  McKenna,  N.L.  Schryer,  and  G.F.  Smith, 
BSTJ,  p.  1635,  (Sept.  1972). 

[13]  "Buried  Channel  Charge-Coupled  Devices",  C.K.  Kim,  J.M,  Early, 
and  G.F.  Amelio,  NEREM,  p.  161,  (1972). 

[14]  "Peristaltic  Charge-Coupled  Device:  A New  Type  of  Charge-Transfer 
Device",  M.G.  Collet  and  A.C.  Vliegenthar t,  Phillips  Research 
Reporta,  p.  25,  (1974). 


[15]  "A  Three-Level  Metallization  Three-Phase  CCD",  W.J.  Bertram, 

A.M.  Mohsen,  F.J.  Morris,  D.A.  Sealer,  G.H.  Sequin,  and  M.F. 

Tompsett,  IEEE  Trans.  Electron  Devices,  p.  758,  (Dec,  1974). 

[16]  "Novel  Trapping  Technique  for  Charge-Coupled  Devices",  D.J. 

McLennan  and  J.  Maver,  Electronics  Letters,  p.  610  (Dec.  1973). 

[17]  "Two-Phase  Stepped  Oxide  CCD  Shift  Register  Using  Undercut 
Isolation",  C.N.  Berglund,  R.J.  Powell,  E.K.  Nicolliam,  and  J.T. 
Clemens,  Applied  Physics  Lett.,  p.  413,  (June  1972). 

[18]  "The  Surface-Charge  Transistor",  W.E.  Engeler,  J.J.  Tiemann,  and 

R. D.  B'aertsch,  IEEE  Trans.  Electron  Devices,  p.  1125,  (Dec.  1971). 

[19]  "Staggered  Oxide  C^D  Structure  with  Clocked  Source  Repeater", 

W.E.  Tchon  and  J.S.T.  Huang,  IEDM,  p.  27,  (Dec.  1973). 

[20]  "Computer  Modeling  of  Charge-Coupled  Device  Characteristics", 

BSTJ,  G.F . Amelio,  p.  705  (March  1972). 

[21]  "Computer  Analysis  of  Surface-Charge  Transport  between  Transfer 
Electrodes  in  a Charge-Coupled  Device",  N.  Suzuki  and  H.  Yanci, 

IEEE  Trans,  on  Electron  Devices,  p.  73,  (Jan  1974). 

[22]  "The  Potential  in  a Charge-Coupled  Device  with  no  Mobile  Minority 
Carriers  and  Zero  Plate  Separation",  J.  McKenna  and  N.L.  Schryer, 
BSTJ,  p.669,  (May-June  1973). 

[23]  "Buried  Channel  CCD's  with  Sub-Micron  Electrode  Spacings",  V.A. 

Browne  and  K.D.  Perkins,  CCD74  Int.  Conf.  Edinburgh,  Proc., 

p.  100,  (1974). 

[24]  "Charge-Coupled  Devices  with  Buried  Channels  under  Electrode 
Gaps",  S.  Shimizu,  S.  Iwamatsu,  and  M.  Ano,  Applied  Phys.  Lett., 
p.  286,  (March  15,  1973). 

[25]  "p-Channel  Charge-Coupled  Devices  with  Resistive  Gate  Structure", 

C.K.  Kim  and  E.H.  Snow,  Applied  Phys.  Lett.,  p.  514,  (June  15,  1972). 

[26]  "An  Improvement  on  Structure  of  Charge  Coupled  Devices",  T.  Mifune, 

S.  Ochi,  Y.  Kano,  and  A.  Shibata,  Proc.  4th  Conf.  Solid  State 
Devices,  Tokyo,  p.  207,  (1972). 

[27]  "A  Three-Level  Metallization  Three-Phase  CCD",  W.J.  Bertram, 

A.M.  Mohsen,  F.J.  Morris,  D.A.  Sealer,  G.H.  Sequin,  and  M.F. 

Tompsett,  IEEE  Trans.  Electron  Devices,  p.  758,  (Dec.  1974). 

[28]  "The  Surface-Charge  Transistor",  W.E.  Engeler,  J.J,  Tiemann,  and 
R.D.  Baertsch,  IEEE  Trans.  Electron  Devices,  p.  1125,  (Dec.  1971). 


287 


[29]  "Charge-Coupled  Digital  Circuits",  W.F.  Kosonocky  and  J.G.  Carnes, 
ISSCC  Digest,  p.  162,  (Feb.  1971). 

[30]  "Two-Phase  Charge-Coupled  Devices  with  Overlapping  Polysilicon 
and  Aluminum  Gates",  W.F.  Kosonocky  and  J.E.  Carnes,  RCA  Review, 
p.  164,  (March  1973). 

[31]  "Two-Phase  Charge-Coupled  Device",  W.F.  Kosonocky  and  J.E.  Carnes, 
NASA  Report  N73-16187,  (Jan.  1973). 

[32]  "Advanced  Investigation  of  a Two-Phase  Charge-Coupled  Device", 

W.F.  Kosonocky  and  J.E.  Carnes,  NASA  Report,  N73-33722,  (May  1973) 

[33]  "Charge-Coupled  Devices  Fabricated  Using  Aluminum-Anodized 
Aluminum-Aluminum  Double-Level  Metallization",  D.R.  Collins, 

S.R.  Shortes,  W.R.  McMahon,  R.C.  Bracken,  and  T.C.  Penn, 
Electrochem.  Soc.  Jour.,  p.  521,  (April  1973). 

[34]  "An  Overlapping  Electrode  Buried  Channel  CCD",  D.M,  Erb,  W. 
Kotyczka,  S.C.  Su,  C.  Wang  and  G.  Clough,  IEDM,  p.  24,  (Dec.  1973) 

[35]  "Two-Phase  Charge-Coupled  Shift  Registers",  W.F.  Kosonocky  and 
J.E.  Carnes,  ISSCC  Digest,  p.  132,  (Feb.  1972). 

[36]  "Charge-Coupled  Structures  with  Self-Aligned  Submicron  Gaps", 

R.A.  Haken,  J.D.E.  Beyron,  I.M.  Baker  and  P.C.T.  Roberts, 

IEEE  Trans.  Electron  Devices,  p.  289,  (May  1975). 

[37]  "Applying  the  Concept  of  a Digital  Charge  Coupled  Device  Arith- 
metic Unit",  C.S.  Miller  and  T.A.  Zimmerman,  1975  International 
Conference  on  the  Application  of  Charge-Coupled  Devices,  October 
1975,  San  Diego,  CA. 

[38]  "Two-Phase  Stepped  Oxide  CCD  Shift  Register  Using  Undercut 
Isolation",  C.N.  Berglund,  R.J.  Powell,  E.H.  Nicollian,  and 
J.T.  Clemens,  Applied  Physics  Lett.,  p.  413,  (June  1,  1972). 

[39]  "Measurements  of  Transfer  Inefficiency  of  250-Element  Undercut 
Isolated  Charge  Coupled  Devices",  M.F,  Tompsett,  B.B,  Kosicki, 
and  D.  Kahng,  BSTJ,  p.  1,  (Jan.  1973). 

[40]  "Moat-Etched  Two-Phase  Charge-Coupled  Devices",  P.P,  Gelberger 
and  C.A.T.  Salama,  Solid  State  Electronics,  p.  301,  (1974), 

[41]  "The  Two-Phase  Offset  Gate  CCD",  R.W.  Bower,  T.A.  Zimmerman, 

and  A.M.  Mohsen,  IEEE  Trans.  Electron  Devices,  p.  70,  (Feb.  1975). 


288 


[42]  "Performance  Characteristics  of  the  Offset-Gate  Charge-Coupled 
Device",  R.W.  Bower,  T.A.  Zimmerman,  and  A.M.  Mohsen,  IEEE  Trans. 
Electron  Devices,  p.  72,  (Feb.  1975). 

[43]  "A  High  Density  Overlapping  Gate  Charge  Coupled  Device  Array", 

R.W.  Bower,  T.A.  Zimmerman,  and  A.M.  Mohsen,  IEDM,  p.  30,  (Dec.  1973). 

[44]  "V.M.O.S.  Conductively  Coupled  Charge-Coupled  Devices",  C.M.  Parks 
and  C.A.T.  Salama,  Electronics  Letters,  p.  593,  (Dec.  12,  1973). 

[45]  "Implanted-Barrler  Two-Phase  Charge-Coupled  Device",  R.H.  Krambeck, 
R.H.  Walden,  and  K.A.  Picker,  Applied  Physics  Lett.,  p.  520,  (Dec. 

15,  1971). 

[46]  "A  Doped  Surface  Two-Phase  CCD",  R.H.  Krambeck,  R.H.  Walden,  and 
K.A.  Picker,  BSTJ,  p.  1849,  (Oct.  1972). 

[47]  "Conductively  Connected  Charge-Coupled  Device",  R.J.  Krambeck, 

R.J.  Strain,  G.E.  Smith,  and  K.A.  Picker,  IEEE  Trans.  Electron 
Devices,  p.  70,  (Jan.  1974). 

[48]  "A  4160-Bit  C* D Serial  Memory",  R.H.  Krambeck,  T.F.  Retajczyk, 

D.J.  Silversmith,  and  R.J.  Strain,  IEEE  Jour.  Solid  State 
Circuits,  p.  436,  (Dec.  1974). 

[49]  "Two-Phase  M.N.O.S.  Charge-Coupled  Device",  C.A.T.  Salama, 

Electronic  Letters,  p.  21,  (Jan.  27,  1972). 

[50]  "Staggered  Oxide  C^D  Structure  with  Clocked  Source  Repeater", 

W.E.  Tchon  and  J.S.T.  Huang,  IEDM,  p.  27,  (Dec.  1973). 

[51]  "One-Phase  CCD:  A New  Approach  to  Charge-Coupled  Device  Clocking", 

R.D.  Melen  and  J.D.  Meindl,  IEEE  Jour.  Solid  State  Circuits, 

p.  92,  (Feb.  1972). 

[52]  "A  Simple  Driving  and  Frequency  Characterization  Technique  for 
Two-Phase  Charge-Coupled  Device",  R.A.  Haken,  J.M.  Baker,  and 
J.D.E.  Beyron,  IEEE  Jour.  Solid  State  Circuits,  p.  199,  (Aug.  1974). 

[53]  "A  Little  'Bit'  on  Charge-Coupled  Devices",  G.F.  Amelio,  IEDM, 
paper  13,  (1971). 

[54]  "A  Uniphase  Charge-Coupled  Device",  P.P.  Gelberger  and  C.A.T. 

Salama,  Proc.  IEEE,  p.  721,  (June  1972). 

[55]  "Surface-Charge  Transport  in  a Multielement  Charge-Transfer  Struct- 
ure", W.E.  Engeler,  J.J.  Tiemann,  R.D.  Baertsch,  J.  Appl.  Phys., 

p.  2277,  (May  1972). 


289 


[56]  "Linearity  of  Electrical  Charge  Injection  into  Charge-Coupled 
Devices",  C.H.  Sequin  and  A.M.  Mohsen,  TEDM,  p.  229,  (Dec.  1974). 

[57]  "Noise  Measurements  in  Charge-Coupled  Devices",  A.M.  Mohsen,  M.F. 
Tompsett,  and  C.H.  Sequin,  IEDM,  p.  236,  (Dec.  1974). 

[58]  "Surface  Potential  Equilibration  Method  of  Setting  Charge  in 
Charge-Coupled  Devices",  M.F.  Tompsett,  IEEE  Trans.  Electron 
Devices,  p.  305,  (June  1975). 

[59]  "Linearity  of  Electrical  Charge  Injection  into  Charge-Coupled 
Devices",  C.H.  Sequin,  IEEE  Jour.  Solid  State  Circuits,  p.  81, 
(April  1975). 

[60]  "A  Comparison  of  CCD  Analog  Input  Circuit  Characteristics", 

H.  Wallinga,  1974  CCD  Conference,  Edinburgh,  p.  13,  (1974). 

[61]  "Interface  States  in  Si-Si02  Interfaces",  A.  Goetzberger, 

Review  Paper,  CCD  Conference,  Edinburgh,  p.  47  (1974). 

[62]  "A  Low-Noise  CCD  Input  with  Reduced  Sensitivity  to  Threshold 
Voltage",  S.P.  Emmons,  A.F.  Tasch,  Jr.  and  J.M.  Caywood,  IEDM, 
p.  233,  (Dec.  1974). 

[63]  "Miniature  Solid  State  Television  Camera",  H.K.  Burke,  and 
G.J.  Michon,  Night  Vision  Lab  Report,  (Oct.  1973). 

[64]  "Charge-Coupled  Devices  for  Memory  Applications:  A Review", 

K.H.  Zaininger,  1974  CCD  Conference,  Edinburgh,  p.  178  (1974). 

[65]  "Design  and  Performance  of  Two-Phase  Charge-Coupled  Devices  with 
Overlapping  Polysilicon  and  Aluminum  Gates",  W.  F.  Kosonocky  and 
J.  E.  Carnes,  IEDM,  p.  123,  (Dec.  1973). 

[66]  "Characterization  of  Surface  Channel  CCD  Image  Arrays  at  Low  Light 
Levels",  M.  H.  White,  D.  R.  Lampe,  F.  C.  Blaha,  and  I.  A.  Mack, 
IEEE  Jour.  Solid  State  Circuits,  p.  1,  (Feb.  1974). 

[67]  "Characterization  of  Charge-Coupled  Device  Line  and  Area-Array 
Imaging  at  Low  Light  Levels",  M.  H.  White,  D.  R.  Lampe,  I.  A. 

Mack,  and  F.  C.  Blaha,  ISSCC,  p.  134,  (1973) 

[68]  "Charge-Coupled  Digital  Circuits",  W.  F.  Kosonocky  and  J.  E. 
Carnes,  IEEE  Jour.  Solid  State  Circuits,  p.  314,  (Oct.  1971). 

[69]  "Floating  Gate  Studies  and  Photo  Sensitivity  Investigations  on 
Charge-Coupled  Devices",  M.  A.  Copeland,  A.  A.  Ibrahim,  S.  G. 
Chamberlain,  W.  L.  Jurgens,  C.  Chau,  and  T.  Canes,  ISSCC  Digest, 
p.  134,  (Feb.  1975) 


290 


[70]  "Analysis  and  Design  of  a Single-Stage  Floating  Gate  Amplifier", 

D.  D.  Wen  and  P.  J.  Salsbury,  ISSCC,  p.  154,  (1973) 

[71]  "Design  and  Operation  of  a Floating  Gate  Amplifier",  D.  D.  Wen, 

IEEE  Jour.  Solid  State  Circuits,  p.  410,  (Dec.  1974) 

[72]  "A  Distributed  Floating-Gate  Amplifier  in  Charge-Coupled  Devices", 
D.D.  Wen,  J.M.  Early,  C.K.  Kim,  and  G.F.  Amelio,  ISSCC  Digest, 

p.  24,  (Feb.  1975). 

[73]  "Novel  Tapping  Technique  for  Charge-Coupled  Devices",  D.  J. 
MacLennanand  J.  Mavor,  Electronics  Letter,  p.  610,  (Dec.  27,  1973). 

[74]  "A  Floating  Gate  and  Its  Application  to  Memory  Devices",  D.  Kahng 
and  S.  M.  Sze,  BSTJ,  p.  1288,  (July-August  1967). 

[75]  "The  Impact  of  Large  CCD  Image  Sensing  Area  Arrays",  B.  F.  Amelio, 
1974  CCD  Conference,  Edinburg,  p.73,  (1974). 

[76]  "Video  Processing  in  Charge-Transfer  Image-Sensor  by  Recycling 
of  Signal  Through  the  Sensor",  P.  K.  Weimer,  W.  S.  Pike,  F.  V. 
Shallcross,  and  M.  G.  Kovac,  RCA  Review,  p.  341,  (Sept.  1974). 

[77]  "Measurement  of  CCD  Transfer  Efficiency  by  Use  of  Feedback  to 
Increase  the  Effective  Number  of  Transfer,  P.  A.  Levine,  IEEE 
Jour.  Solid  State  Circuits,  p.  104,  (April  1973). 

[78]  "A  Memory  System  Based  on  Surface-Charge  Transport",  W.  E.  Engeler, 
J.  J.  Tiemann,  and  R.  D.  Baertsch,  IEEE  Jour.  Solid  State  Circuits, 
p.  306,  (0ct.  1971). 

[79]  " A Surface-Charge  Random-Access  Memory  System",  W.  E.  Engeler, 

J.  J.  Tiemann,  and  R.  D.  Baertsch,  IEEE  Jour.  Solid  State  Circuits, 
p.  330.  (Oct.  1972). 

[80]  "A  Surface-Charge  Shift  Regiser  with  Digital  Refresh",  J.  J. 
Tiemann,  R.  D.  Baertsch,  W.  E.  Engeler,  and  D.  M.  Brown,  IEEE 
Jour.  Solid  State  Circuits,  p.  146,  (April  1973). 

[81]  "A  Simple  Charge  Regenerator  for  Use  With  Charge-Coupled  and 
Buchet-Brigade  Shift  Register,  and  the  Design  of  Functional  Logic 
Arrays,  M.  F.  Tompsett,  ISSCC  Digest,  p.  160,  (Feb.  1971). 

[82]  "A  Simple  Charge  Regenerator  for  Use  With  Charge-Transfer  Devices 
and  the  Design  of  Functional  Logic  Arrays",  M.  F.  Tompsett,  IEEE 
Jour,  of  Solid  State  Circuits,  p.  237,  (June  1972). 


291 


I 

i 


i 

I 

$ 

I 

I 

• 4 

i • 

I 


f ■; 

r 

> 


[83]  "Charge  Coupled  Device  Processing",  F.J.  Morris  and  T.A.  Shamkoff. 
Extended  Abstracts,  74-2  Electrochemical  Soc.,  p.  479,  Fall  1974. 


[84]  "A  Comparison  of  MOS  and  CCD  Technologies",  A.F,  Tasch,  Jr.,  H.S.  Fu, 
and  R.C.  Frye.,  Extended  Abstracts,  75-1  Electrochemical  Soc.,  p.  390, 
Spring  1975. 

[85]  "Charge  Pumping  in  MOS  Devices",  J.S.  Brugler  and  P.G.A.  Jesper,  IEF.E 
Trans.  Electron  Devices,  p.  297,  March  1969. 

[86]  "Experimental  Investigation  of  a Linear  500-Element  3-Phase  Charge- 
Coupled  Device",  C.H.  Sequin,  BSTJ,  p.  581,  April  1974. 

[87]  "Interlacing  in  Charge-Coupled  Imaging  Devices",  C.H.  Sequin,  IEEE 
Trans.  Electron  Devices,  p.  535,  June  1973. 

[88]  "Influence  of  Clock  Waveform,  on  the  Performance  of  Charge  Coupled 
Devices",  S.D.  Brotherton  and  M.P.  Single,  Solid  State  Electronics, 
p.  981,  1974. 

[39]  "Push  Clocks:  A New  Approach  to  Charge-Coupled  Device  Clocking",  A.M. 
Mohsen,  T.C.  McGill,  M.  Anthony,  and  C.A.  Mead,  Applied  Physics  Lett, 
p.  172,  Feb.  15,  1973. 

[90]  "Overlapping-Gates  Buried-Channel  -Coupled  Device",  A.M.  Mohsen,  R. 

Bowen,  and  T.C.  McGill,  Electronics  Letters,  p.  396,  Aug.  23,  1973. 

[91]  "Carrier  Diffusion  Degradation  of  Modulation  Transfer  Function  in 
Charge-Coupled  Imagers",  D.H.  Seib,  IEEE  Trans.  Electron  Devices, 
p.  210,  Mar.  1974,  Also,  AD-767903,  Aug.  24,  1973. 

[92]  "A  Tradeoff  Analysis  of  Transfer  Speed  Versus  Charge-Handling  Capacity 
for  CCD's'  D.F,  Barbe,  N.S.  Saks,  1974  CCD  Conference,  Edinburgh, p.  114 ,L974 

[93]  "One-Dimensional  Study  of  Buried-Channel  Charge-Coupled  Devices", 

H.  El-Sissi  and  R.S.C.  Cobbold,  IEEE  Trans.  Electron  Devices,  p.  437, 
July  1974. 

[94]  "The  Peristaltic  Charge-Coupled  Device  for  High  Speed  Transfer", 

L.J.M.  Esser,  ISSCC  Digest,  p.  28,  Feb.  1974. 

[95]  "Charge  Transfer  Devices",  M.F.  Tompsett,  J.  Vac.  Sci.  Technol.,  p. 

1166,  July-August,  1972. 

[96]  "The  Measurement  of  the  Charge  Residual  for  CCD  Transfer  Using 
Impulse  and  Frequency  Response",  G.F.  Vanstone,  J.B.G.  Roberts,  and 
A.E.  Long,  Solid  State  Electronic,  p.  889,  1974. 

[97]  "Linearized  Dispension  Relation  and  Green's  Function  for  Discrete- 
Charge-Transfer  Devices  with  Incomplete  Transfer",  W.B.  Joyce  and 
W.J.  Bertram,  BSTJ,  p.  1741,  July-August  1971. 

292 


J 


[98]  "Operational  Limitations  of  Charge  Transfer  Devices",  K.K.  Tomber, 

BSTJ,  p.  1453,  Nov.  1973. 

[99]  "Analog  Performance  Limitations  of  Charge-Transfer  Dynamic  Shift 
Registers",  C.N.  Berglund,  IEEE  Jour,  of  Solid  State  Circuits,  p.  391 
December,  1971. 

[100]  "Drift-Aiding  Fringing  Fields  in  Charge-Coupled  Devices",  J.F.  Carnes 
W.F.  Kosonocky,  and  E.Q.  Ramberg,  IEEE  Jour.  Solid  State  Circuits, 

p.  322,  Oct.  1971. 

[101]  "A  Fundamental  Comparison  of  Incomplete  Charge  Transfer  in  Charge 
Transfer  Devices",  C.N.  Berglund  and  K.K.  Thomer,  BSTJ,  p.  147 
Feb.  1973. 

[102]  "Transversal  Filtering  Using  Charge-Transfer  Devices",  D.D.  Buss, 

D.R.  Collins,  W.H.  Bailey,  and  C.R.  Reeves,  IEEE  Jour.  Solid  State 
Circuits,  p.138,  April  1973. 

[103]  "Free  Charge  Transfer  in  Charge-Coupled  Devices",  J.E.  Carnes,  W.F. 
Kosonocky  and  E.G.  Ramberg,  IEEE  Tans.  Electron  Devices,  p.  798, 

June  1972. 

[104]  "Charge  Transfer  in  Charge-Coupled  Devices",  C-K  Kim  and  M.  Lenzlinger, 
J.  Appl  Phys,  p.  3586,  August  1971. 

[105]  "Charge  Transfer  Analysis  in  Two-Phase  Step  Oxide  Charge  Coupled  Device" 
C.H.  Chan,  S.G.  Chamberlain,  1974  CCD  Conf.,  Edinburgh,  p.  29,  1974. 

[106]  "Structure  Dependence  of  Free-Charge  Transfer  in  Charge-Coupled  Device^1 
W.H.  Chang  and  L.G.  Heller,  IBM  J.  Res.  Develop.,  p.  436,  Sept.  1974. 

[107]  "Numberial  Methods  for  the  Charge-Transfer  Analysis  of  Charge-Coupled 
Devices",  C.H.  Cahn  and  S.G.  Chamberlain,  Solid  State  Electronic, 

p.  491,  1974. 

[108]  "Charge  Transfer  in  Overlapping  Gate  Charge-Coupled  Devices",  A.M. 
Mohsen,  T.C.  McGill,  and  C.A.  Mead,  IEEE  Jour.  Solid  State  Circuits, 
p,  191,  June  1973. 

[109]  "The  Potential  in  a Charge-Coupled  Device  with  no  Mobile  Minority 
Carriers",  J.  McKenna  and  N.L.  Schrya,  BSTJ  p.  1765,  Dec.  1973. 

[110]  "Final  Stage  of  the  Charge-Transfer  Process  in  Charge-Coupled  Device", 
Y.  Dainiou,  A.M.  Mohsen,  and  T.C.  McGill,  IEEE  Trans.  Electron  Devices 
p.  266,  April  1974. 


293 


[111]  "Charge-Control  Method  of  Charge-Coupled  Device  Transfer  Analysis", 
H.S.  Lee  and  L.G.  Weller,  IEEE  Trans.  Electron  Devices,  p.  1270, 

Dec.  1972. 

[112]  "Calculations  on  Potential  and  Charge  Distribution  in  the  Peristaltic 
Charge-Coupled  Device",  M.G.  Collet  and  A.C.  Vliegenthar t,  Phillips 
Research  Reports,  p.  25,  1974. 

[113]  "The  Peristaltic  Charge  Coupled  Device",  L.J.M.  Esser,  M.G.  Collet, 
and  J.G.  vanSanten,  IEDM,  p.17,  Dec.  1973. 

[114]  "Polysilicon-Aluminum  Gate  CCD",  W.F.  Kosonocky  and  J.  E.  Carnes 
COB  Applications  Conference,  San  Diego,  p.  217,  1973. 

[115]  "A  Theoretical  Analysis  of  C.C.D.  Operation  with  Square  Clock  Pulses", 
S.D.  Brotherstore,  Solid  State  Electronics,  p.  341,  1974. 

[116]  "Spectral  Density  of  Noise  Generated  in  Charge  Transfer  Devices", 

K.K.  Thornber  and  M.F.  Tompsett,  IEEE  Trans.  Electron  Device,  p.  456, 
April  1973. 

[117]  "A  Charge-Transfer-Device  Logic  Cell",  T.D.  Mok  and  C.A.T.  Salama, 
Solid  State  Electronics,  p.  1147,  1974. 

41 

[118]  "Fast- Interface-State  Losses  in  Charge-Coupled  Device*?".  J.E.  Carnes 
and  W.F.  Kosonocky,  Appl.  Phys . Letter.,  p .261,  ^pril  1,  1972, 

[119]  "The  Quantitative  Effects  of  Interface  State^on  the  Performance  of 
Charge-Coupled  Devices",  M.F.  Tompsett,  IEEE  Trans.  Electron  Devices, 
p.45,  Jan.  1973. 

[120]  "The  Influence  of  Interface  States  or  Incomplete,  Charge  Transfer  in 
Overlapping  Gate  Charge-Coupled  Devices",  A.M.  Mohsem,  T.C.  McGill, 

Y.  Dainiou,  and  C.A.  Mead,  IEEE  Jour.  of^fcolid  State  Circuit,  p.  125, 
April  1973. 

[121]  "influence  of  Surface  States  on  the  Performance  of  Three-Phase  Charge- 
Coupled  Devices",  D.R.  Lamb,  M.P^  Singh,  S.D.  Brotherton,  P.C.T. 
Roberts,  1974  CCD  Conference,  Edinburgh,  p.  59,  1974. 

[122]  "The  Effects  of  Bulk  Traps  on  the  Performance  of  Bulk  Channel  Charge 
Coupled  Devices",  A.M.  Mohsen,  M.F.  Tompsett,  1974  CCD  Conference, 
Edinburg,  p.  67,  1974. 

[123]  "Noise  Suppression  in  Charge  Transfer  Devices",  K.K.  Thornber,  Proc. 
IEEE,  p.  1113,  September  1T72 

[124]  "Theory  of  Noise  in  Charge-Transfer  Devices",  K.K.  Thornber,  BSTJ, 
p.  1211,  Sept.  1974. 

294 


% 


* 


[125]  "Noise  Sources  in  Charge-Coupled  Devices",  J.E.  Carnes  and  W.F. 
Kosonocky,  RCA  Review,  p.  327,  June  1972. 

[126]  "Measurements  of  Noise  fn  Charge-Coupled  Devices",  J.E.  Carnes, 

W.F.  Kosonocky  and  P.A.  Levine,  RCA  Review,  p.  553,  Dec.  1973. 

[127]  "Noise  Measurements  in  Charge-Coupled  Devices",  A.M.  Mohsen,  M.F. 
Tompsett,  and  C.H.  Sequin,  IEEE  Trans.  Electron  Devices,  p.  209, 

May  1975. 

[128]  "The  Influence  of  Bulk  Traps  on  the  Charge-Transfer  Inefficiency  of 
Bulk  Charge-Coupled  Devices, "M.G.  Collet,  IEEE  Trans.  Electron  Devices, 
ED23,  p . 224,  (Feb.  1976). 

[129]  "Noise  in  Buried  Channel  Charge-Coupled  Devices','  R.W.  Brodersen  and 
S.P.  Emmons,  IEEE  Trans.  Electron  Devices,  ED23,  p.  215,  (Feb.  1976). 

[130]  "Characterization  of  Surface  Channel  CCD  Image  Arrays  at  Low  Light 
Levels,"  M.H.  White,  D.R.  Lampe,  F.C.  Blaha  and  I. A.  Mack,  CCD 
Applications  Conference,  San  Diego,  p.  23,  1973. 

[131]  "Properties  of  an  Idealized  Traveling-Wave  Charge-Coupled  Device", 

R.J.  Strain,  IEEE  Trans.  Electron  Devices,  p.  1119,  October  1972. 

[132]  "Fabrication  and  Performance  Considerations  of  Charge-Transfer  Dynamic 
Shift  Registers",  C.N.  Berglund  and  R.J.  Strain,  BSTJ,  p.  655, 

March  1972. 

[133]  "A  Nonlinear  Diffusion  Analusis  of  Charge-Coupled  Device  Transfer", 

R.J.  Strain  and  N.L.  Schryer,  BSTJ,  p.  1721,  July-August  1971. 

[134]  "Carrier  Transport  in  Charge-Coupled  Devices",  C-K  Kim,  ISSCC  Digest, 
p.  158,  Feb.  1971. 

[135]  "On  the  Accuracy  of  the  Depletion  Layer  Approximation  for  Charge 
Coupled  Devices",  J.  McKenna  and  N.L.  Schryer,  BSTJ,  p.  1471, 

September  1972. 

[136]  "A  Model  of  Charge  Transfer  in  Bucket  Brigade  and  Charge-Coupled 
Devices",  L.G.  Heller,  W.H.  Chang,  and  A.W.  Lo,  IBM  J.  Res  Develop, 
p.  184,  March  1972. 

[137]  "Charge  Distribution  in  Buried-Channel  Charge-Coupled  Devices", 

W.H.  Kent,  BSTJ,  p.  1009,  July-Aug.  1973. 

[138]  "A  Two-Dimensional  Dynamic  Particle  Model  cf  the  CCD  Transport  Process" 
W.  Fawcett,  G.F.  Vanstone,  1974  CCD  Conference,  Edinburgh,  p.  22,1974. 


295 


[139]  "Influence  of  Clocking  Waveform  on  Charge  Transfer  in  Three-Phase 
CCD's",  M.P.  Singh,  S.D.  Brotherton,  P.C.T.  Roberts,  D.R.  Lamb, 

1974  CCD  Conference,  Edinburgh,  p.  39,  1974. 

[140]  "A  Simple  Model  of  a Buried  Channel  Charge  Coupled  Device",  A.W. 

Lees  and  W.D.  Ryan,  Solid  State  Electronics,  p.  1163,  1974. 

[141]  "Buried  Channel  C.C.D.  Model,  Based  on  a 1-Dimensional  Analysis", 
H.El-$issi,  and  R.S.C.  Cobbold,  Electronics  Letters,  p.  198,  May  16, 
1974. 

[142]  "Analysis  of  Field-Aided,  Charge-Coupled  Device  Transfer",  J. 

McKenna  and  N.L.  Schryer,  BSTJ,  p.667,  April  1975. 

[143]  "Influence  of  Signal  Charge  on  the  Final  Decay  Characteristics  of 
Surface-Channel  Charge-Coupled-Devices",  H.  El-Sissi  and  R.S.C.  Cobbold 
Solid  State  Electronics,  p.  867,  Oct.  1975. 

[144]  "The  Validity  of  the  Depletion  Approximation  Applied  to  a Bulk  Channel 
Charge-Coupled  Device,  B.  Dale,  IEEE  Trans.  Electron  Devices,  ED23, 

p.  275,  Feb.  1976. 

[145]  "Operation  of  Three-Phase  Charge-Coupled  Devices  with  Two-Level 
Clocking  Waveforms",  M.P.  Singh,  P.C.T.  Roberts,  and  D.R.  Lamb,  Int. 

J.  Electronic,  p.  631,  1975. 

[146]  "High  Resolution  Charge  Coupled  Image  Sessors",  D.A.  Sealer,  C.H. 

Sequim  and  M.F.  Tomsett,  IEEE  Intercon  Technical  Paper,  session  2, 

1974. 

[147]  "Measurements  on  a Charge-Coupled  Area  Image  Sensor  with  Blooming 
Suppression",  C.H.  Sequin,  T.A.  Shankoff,  and  D.A.  Sealer,  IEEE 
Trans.  Electron  Devices,  p.  331,  June  1974. 

[148]  "Multiplexed  Filtering  with  Charge-Transfer  Devices,  A.  Gersho  and 
B.  Gopinath,  IEEE  Trans.  Electron  Devices,  ED23,  p.  288,  Feb.  1976. 

[149]  "Scaling  of  Surface-Channel  Charge-Coupled  Devices,  I.D.  Yau,  IEEE 
Trans.  Electron  Devices,  ED23,  p.  282,  Feb.  1976. 

[150]  "256-Bit  Repeater  Chained  2-Phase  CCD  Digital  Shift  Register,  W.E. 

Tchon  and  J.S.T.  Huang,  CCD  Applications  Conference,  San  Diego,  p.  73,  1973. 

[151]  "4096-Bit  Charge-Coupled  Device  Serial  Memory  Array",  A. Ibrahim  and 
L.  Sellars,  I EDM,  p.  141,  Dec.  1973. 

[152]  "Performance  of  Very  High  Density  Charge-Coupled  Devices",  N.A.  Patrin, 
IBM  J.R.  Res.  Develop,  p.  241,  May  1973. 


296 


[153]  "8192-Bit  Block  Addressable  CCD  M-mory",  S.D.  Rosenbaum  and  J.T.  Caves, 
IEEE  Jour.  Solid-State  Circuit,  p.  273,  Oct.  1975. 

[154]  "A  CCD  Line  Addressable  Random-Access  Memory  (LARAM)",  K.C.  Gunsager, 
M.R.  Guidry  and  G.F.  Araelio,  IEEE  Jour  Solid  State  Circuit,  p.  268, 

Oct.  1976. 

[155]  "Performance  Limitations  of  Charge  Coupled  Devices",  D.J.  Burt,  1974 
CCD  Conference,  Edinburgh,  p.  84,  1974. 

[156]  "Charge-Coupled  Memory  Device,"  Y.T.  Chan,  B.T.  French  and  R.A. 
Gudmundsen,  Appl,  Phys.  Letters,  p.  650,  June  15,  1973. 

[157]  "Nonvolatile  CCD  Memory  with  MNOS  Storage  Capacitors",  K.  Gose  and 
K.  K.  Knauer,  IEEE  Jour,  of  Solid-State  Circuits,  p.  148,  June  1974. 

[158]  "CCD  and  MNOS  Devices  for  Programmable  Analog  Signal  Processing  and 
Digital  Nonvalatile  Memory",  M.H.  White,  D.R.  Lampe,  and  J.L. 

Fagan,  I EDM,  p.  130,  Dec.  1973. 

[159]  "Two-Dimensional  Charge-Transfer  Arrays",  C.H.  Sequim,  IEEE  Jour. 

Solid  State  Circuits,  p.  134,  June  1974. 

[160]  "Performance  and  Characterization  of  Logic  Arrays  Using  Charge- 
Transfer  Semiconductor  Devices",  T.D.  Mok  and  C.A.T.  Salama,  IEEE 
Int.  Elect.  Electron,  Conf.,  p.166,  Oct.  1973. 

[161]  "Logic  Array  Using  Charge  Transfer  Devices",  T.D.  Mok  and  C.A.T. 

Salama,  Electronics  Letter,  p.  495,  Oct.  5,  1972. 

[162]  "Charge  Coupled  Devices  in  Signal  Processing  Systems",  Volume  1, 
Digital  Signal  Processing,  T.A.  Zimmerman  and  C.S.  Miller,  Naval 
Research  Report,  AD-782  574,  July  1974. 

[163]  "The  Calculation  of  Potential  Profiles  in  CCD's  Using  Green's  Function 
Techniques,  D.  Schechter  and  R.D.  Nelson,  IEEE  Trans.  Electron  Devices, 
ED23,  p.  293,  Feb.  1976. 

[164]  "Use  of  Charge-Coupled  Devices  for  Delaying  Analog  Signals",  M.F. 
Tompsett  and  E.J.  Zimany  Jr.,  IEEE  Jour.  Solid  State  Circuits, 

p.  151,  April  1973. 

[165]  "Frequency  Response  of  a Multiplexed  Charge-Transfer  Delay  Line", 

J.M.  Caywood  and  D.D.  Buss,  IEEE  Jour.  Solid  State  Circuits,  p.  310, 
Oct.  1974. 

[166]  "A  Multiplex  Video  Bandwidth  CCD  Delay  Line",  M.A.  Copeland, 

D.  Roy,  and  C.C.  Chan,  ISSCC  Digest,  p.  146,  Feb.  1975. 


297 


[167]  "Use  of  Charge-Coupled  Devices  for  Analog  Delay",  M.F.  Tompsett, 
and  E.  J.  Zimany.  ISSCC  Digest,  P.  136,  Feb.  1972. 

[168]  "The  Rasorback  CCD:  A High  Performance  Parallel  Imput  Delay  Line 

Architecture",  J.  Shott  ad  R.  Melen,  ISSCC  Digest,  p.  150,  Feb.  1975. 

[169]  "A  Parallel  Imput,  High  Speed  CCd  Analog  Delay  Line','  R.D.  Mellen  and 
J.  Roshen,  CCD  Applications  Conference,  San  Diego,  p.  151,  1973. 

[170]  "The  Design  and  Operation  of  Practical  Charge-Transfer  Transversal 
Filters]'  R.D.  Baertsch,  W.E.  Engeler,  H.S.  Goldberg,  C.M.  Puckette,  IV, 
and  J.,J.  Tiemann,  IEEE  Transactions  Electron  Devices  ED23,  p.  133, 

Feb.  1976. 

[171]  "A  500-Stage  CCD  Transversal  Filter  for  Spectral  Analysis"  R.W. 
Brodersen,  C.R.  Hewes,  and  D.D.  Buss,  IEEE  Transactions  Electron 
Devices  ED23,  p.  143,  Feb.  1976. 

[172]  "An  Optical  CCD  Convolver"  M. A.  Copeland,  D.  Roy,  J.D.E.  Beynon,  and 
F.Y.K.  Dea,  IEEE  Transactions  Electron  Devices  ED23,  p.  152,  Feb.  1976. 

[173]  "A  Reprogrammable  Filter  Bank  Using  Charge-Coupled  Devices  Discrete 
Analog-Signal  Processing,"  J.  Mattern  and  D.R.  Lampe,  IEEE  Transactions 
Electron  Devices  ED23,  p.  156,  Feb.  1976. 

[174]  "Charge-Transfer  Analog  Memories  for  Radar  and  ECM  Systems ,"  W.J.  Butler, 
W.E.  Engeler,  H.S.  Goldberg,  C.M.  Puckette,  IV  and  H.  Lobenstein, 

IEEE  Transactions  Electron  Devices  ED23,  p.  161,  Feb.  1976. 

[175]  "A  Dual  Differential  Charge — Coupled  Analog  Delay  Device,"  D.A.  Sealer 
and  M.F.  Tompsett,  IEEE  Transactions  Electron  Devices  ED23,  p.  173, 

Feb.  1976. 

[176]  "A  Processor  for  Pulse-doppler  Radar",  J.B.G.  Roberts,  R.  Eames,  D.V. 
McCaughan,  and  R.F.  Simons,  IEEE  Transactions  Electron  Devices  ED23, 
p.  168,  Feb.  1976. 

[177]  "A  Wlde-Band  Low-Noise  Charge  Transfer  Video  Delay  Line",  I.  Takemoto, 

S.  Ohba,  M.  Kubo  and  M.  Ashikawa,  IEEE  Jour.  Solid  State  Circuits, 

p.  415,  Dec.  1974. 

[1783  "Extremely  High  Speed  CCD  Analog  Delay  Line,"Y.T.  Chan,  B.T.  French, 
and  P.E.  Green,  1975  CCD  Applications  Conference,  San  Diego,  p.  389, 
1975. 

[179]  "Use  of  Charge-Coupled  Devices  for  Delaying  Analog  Signals",  M.F. 

Tompsett  and  E.J.  Zimany  Jr.,  IEEE  Jour.  Solid  State  Circuits,  p.  151, 
April  1973. 


[180]  "Signal  Processing  Applications  of  Charge-Coupled  Devices",  D.D.  Buss, 
W.H.  Bailey,  A.F.  Tasch,  Jr.,  1974  CCD  Conference,  Edinburgh,  p.  179, 
1974. 

[181]  "Active  Bandpass  Filtering  with  Bucket  Brigade  Delay  Lines,"  D.A.  Smith, 
C.M.  Puckette  and  W.J.  Butler,  IEEE  Journal  of  Solid  State  Circuits, 
SC-7,  p.  421,  1972. 

[182]  "Programmable  Bandpass  Filter  and  Tone  Generator  Using  Bucket  Brigade 
Delay  Lines",  D.A.  Smith,  W.J.  Butler  and  C.M.  Puckettee,  IV,  IEEE 
Trans,  on  Communications,  COM-22,  p.  921,  1974. 

[183]  "MTI  Filtering  for  Radar  with  Charge  Transfer  Devices",  J.E.  Bounden, 

R.  Eames,  J.B.G.  Roberts,  1974  CCD  Conference,  Edinburgh,  p.  206,  1974. 

[184]  "Sampled  Analog  CCD  Recursive  Comb  Filters"  T.F.  Tao,  V.  Iamsadd,  S. 
Holmes,  B.  Freund,  L.  Saetre,  and  T.A.  Zimmerman,  1975  CCD  Applica- 
tions Conference,  San  Diego,  p.  257,  1975. 

[185]  "A  Reprogrammable  Filter  Bank  Using  CCD  Discrete  Analog  Signal  Pro- 
cessing", J.  Mattem  and  D.  Lampe,  ISSCC  Digest,  p.  148,  Beb.  1975. 

[186]  "Intracell  Charge-Transfer  Structures  for  Signal  Processing",  J.J. 
Tiemann,  W.E.  Engeler,  R.D.  Baertsch,  IEEE  Trans.  Electron  Devices, 
p.  300,  May  1974. 

[187]  "Transversal  Filters",  H.  E.  Kallmann,  Proc.  IRE,  p.  302,  July  1940. 

[188]  "Transversal  Filtering  Using  Charge-Transfer  Devices",  D.D.  Buss,  D.R. 
Collins,  W.H.  Bailey,  and  C.R.  Reeves,  IEEE  Jour.  Solid  State  Circuits, 
p.  138,  April  1973. 

[189]  Theory  and  Application  of  Digital  Signal  Processing,  L.R.  Rabiner  and 
B.  Gold,  Prentice-Hall,  1975. 

[190]  "Two  Classes  of  Charge  Transfer  Devices  for  Signal  Processing",  R.D. 
Baertsch,  W.E.  Engeler,  H.S.  Goldberg,  C.M.  Puckette,  IV,  J.J.  Tiemann, 
1974  CCD  Conference,  Edinburgh,  p.  229,  1974. 

[191]  "CCD's  for  Transversal  Filter  Application",  A. Ibrahim,  L.  Sellars, 

T.  Foxall,  and  W.  Steenaart,  IEDM,  p.  240  Dec.  1974. 

[192]  "Non-Recursive  Matched  Filters  Using  Charge-Coupled  Devices",  J.A. 
Sekula,  P.R.  Prince,  and  C.S.  Wang,  IEDM,  p.  244,  Dec.  1974. 

[193]  "Tunable  Filters  Using  Charge  Transfer  Devices",  D.D.  Buss,  C.R.  Hewes, 
Ecom  Report,  AD/A-000846,  Oct.  1974. 


299 


[194]  "Applications  of  Charge- Transfer  Devices  to  Communication"  D.D. 

Buss,  and  W.H.  Bailey,  CCD  Applications  Conference,  San  Diego,  p.  83, 
1973. 

[195]  "Reel-Time  Discrete  Fourier  Transforms  Using  Charge  Transfer  Devices", 
R.W.  Means,  D.D.  Buss,  and  H.J.  Whitehouse,  CCD  Applications  Confer- 
ence, San  Diego,  p.  95,  1973. 

[196]  "A  500-  Point  Fourier  Transform  using  Charge-Coupled  Devices", 

R.W.  Brodersen,  H.S.  Fu,  R.C.  Frye,  and  D.D.  Buss,  ISSCC  Digest 
p.  144,  Feb.  1975. 

[197]  "A  Surface-Charge  Correlator",  J.J.  Tiemann,  R.D.  Baertsch,  and 
W.E.  Engeler,  ISSCC,  p.  154,  Feb.  1974. 

[198]  "Transfer  Inefficiency  Effects  in  Parallel-Transfer  Charge-Coupled 
Linear  Imaging  Device",  H.H.  Hosack  and  R.H.  Dyek,  IEEE  Trans. 

Electron  Devices,  p.  152,  March  1975. 

[199]  "Low  Light  Level  Imaging  with  Buried  Channel  Charge-Coupled  Devices", 
C-K  Kim  and  R.H.  Dyek,  Proc.  IEEE,  p.  1146,  Aug.  1973. 

[200]  "Low  Light  Level  Performance  of  CCD  Image  Sensors','  D.D.  Wen,  1975 
CCD  Applications  Conference,  San  Diego,  1975. 

[201]  "Charge-Coupled  Area  Image  Sensor  Using  Three  Levels  of  Polysilicon", 
C.H.  Sequin,  F.J.  Morris,  T.A.  Shakoff,  M.F.  Tompsett,  and  E.J.  Zimany 
Jr.,  IEEE  Trans.  Electron  Device,  p.  712,  Nov.  1974. 

[202]  "A  High  Performance  190  x 244  CCD  Area  Image  Sensor  Array",  W.  Steffe, 
L.  Walsh,  and  C.K.  Kim,  1975  CCD  Applications  Conference,  San  Diego, 
p.  101,  1975. 

[203]  "An  512  x 320  Element  Silicon  Imaging  Device",  R.L. Rogers,  III, 

ISSCC,  p.  188,  Feb.  1975. 

[204]  "A  Large  Area  CCD  Imager  for  TV  Applications",  R.L.  Rodgers  III,  K.H. 
Zaininger,  1974  CCD  Conference,  Edinburgh,  p.  153,  1974. 

[205]  "Control  of  Blooming  in  Charge-Coupled  Imagers",  W.F.  Kosonocky, 

J.E.  Carnes,  M.G.  Kovac,  P.  Levine,  F.V.  Shallcross,  and  R.L.  Rogers 
III,  RCA  Review,  p.  3,  March  1974. 

[206]  "Charge-Coupled  Device  and  Charge-Injection  Device  Imaging",  D.F. 
Barbe,  IEEE  Trans.  Electron  Devices,  ED-23,  p.  177,  Feb.  1976. 

[207]  "CID  Imaging-Present  Status  and  Opportunities",  G.J.  Michon,  H.K. 
Burke,  D.M.  Brown,  and  M.  Ghezzo,  1975  CCD  Applications  Converence, 

San  Diego,  p.  93,  1975. 


300 


[208]  "Charge-Injection  Imaging:  Operating  Techniques  and  Performance 

Characteristics,  H.K.  Burke,  and  G.J.  Michon,  IEEE  Trans.  Electron 
Device,  ED-23,  p.  189,  Feb.  1976. 

[209]  Wave  Propagation  in  Periodic  Structures.  L.  Brillouin,  Dover,  New  York 
1953. 

[210]  "CCD  Modulation  Transfer  Function",  R.D.  Nelson  and  W.P.  Waters,  CCD 
Applications  Conference,  San  Diego,  p.  207,  1973. 

[211]  "Transparent  Metal  Oxide  Electrode  CID  Imager  Array",  D.M.  Brown, 

M.  Ghe2zo,  M.  Garfinkel,  ISSCC,  p.  34,  Feb.  1975. 

[212]  "Transparent  Metal  Oxide  Electrode  CID  Imager",  D.M.  Brown,  H.  Ghezzo, 
and  M.  Garf inkle, IEEE  Trans.  Electron  Devices,  ED-23 » P*  196,  Feb, 1970 

[213]  "Sensitivity  and  Resolution  of  Charge-Coupled  Imagers  at  Low  Light 
Levels",  J.E.  Carnes  and  W.F.  Kosonocky,  RCA  Review,  p.  607,  Dec. 

1972. 

[214]  "Characteristics  of  Thinned  Backside-Illuminated  Charge-  Coupled 
Device  Images",  S.R.  Shoutes,  W.W.  Chan,  W.C.  Rhines,  J.B.  Barton, 
and  D.R.  Collins,  Applied  Phys.  Lett.,  p.  565,  June  1974. 

[215]  "Back  Surface  Imaging  of  Thinned  CCD’,'  P.A.  Gray,  H.  Coltman,  1974 
CCD  Conference,  Edinburgh,  p.  162,  1974 

[126]  "Application  of  Charge-Coupled  Deviced  to  Infarared  Detection  and 

Imaging",  A.J.  Steckl,  R.D.  Nelson,  B.T.  French,  R.A.  Gudmunson  and 
D.  Schechter,  Proc.  IEEE,  p.  67,  Jan.  1975. 

[217]  “InSb  MIS  Technology  and  CID  Devices','  J.C.  Kim,  1975  CCD  Applications 
Converence,  San  Diego,  p.  1,  1975. 

[218]  "Overview  of  CCD  Memory",  L.M.  Terman  and  L.G.  Heller,  IEEE  Jour, 
of  Solid  State  Circuits,  p.  4,  Feb.  1976. 

[219]  "Design  of  a 16384-Bit  Serial  Charge-Coupled  Memory  Device",  S.  Chou 
IEEE  Jour,  of  Solid-State  Circuits,  p.  10,  Feb.  1976. 

[220]  "A  Byte  Organized  NMOS/CCD  Memory  with  Dynamic  Refresh  Logic", 

R.C.  Varshney,  M.R.  Guidry,  G.F.  Amelio,  and  J.M.  Early,  IEEE 
Jour,  of  Solid-State  Circuits,  p.  18  , Feb.  1976. 

[221]  "A  16384-Bit  High-Density  CCD  Memory",  S.D.  Rosenbaum,  C.H.  Chou, 

J.T.  Caves,  S.C.  Poon,  and  R.W.  Wallace,  IEEE  Jour,  of  Solid-State 
Circuits,  P.  33,  Feb.  1976. 

[222]  "A  16K-Bit  Block  addressed  Charge-Coupled  Memory  Device",  A.M. 

Mohsen,  M.F.  Tompsett,  E.N.  Fuls,  and  E.J.  Zimany.Jr.,  IEEE  Jour, 
of  Solid-State  Circuits,  p.  40,  Feb.  1976. 


301 


[223]  "A  64K-Bit  Block  addressed  Charge-Coupled  Memory",  A.M.  Mohsen, 
R.W.  Bower,  M.  Wilder,  D.  Erb,  IEEE  Jour,  of  Solid  State  Circuits, 
p.  49,  Feb.  1976. 

[224]  "Charge-Coupled  Devices,  Move  In  On  Memories,  and  Analog  Signal 
Processing",  L.  Altman,  Electronics,  p.  91,  Aug.  8,  1974. 

[225]  Digital  Integrated  Circuits,  Vol.  1,  Gnostic  Concepts,  Inc., 

2710  Sand  Hill  Rd.,  Menlo  Park,  Cal.,  94025,  1975. 

[226]  "Effects  of  Radiation  on  Charge-Coupled  Devices",  Jame  E.  Carnes, 
A.Danforth  Cope,  Leonard  R.  Rockett  and  Kenneth  M.  Schlesier,  Proc. 
of  Symposium  on  Charge-Coupled  Device  Technology  for  Scientific 
Imaging  Applications,  p.  243,  March  6-7.  1975. 

[227]  VBasic  Concepts  of  Charge-Coupled  Devices",  W.F.  Kosonocky  and 
J.E.  Carnes,  RCA  Review,  p.  567,  Sept.  1975. 

[228]  "Signal  Processing  with  Charge-Transfer  Devices",  H.J.  Whitehouse, 
IEE  Jour,  of  Solid  State  Circuits,  p.  64,  Feb.  1976. 

[229]  "Charge-Coupled  Device  and  Charge  Injection  Device  Imaging",  D.F. 
Barbe,  IEEE  Jour,  of  Solid  State  Circuits,  p.  109,  Feb.  1976. 


302 


BIBLIOGRAPHY 


In  this  bibliography  are  listed  articles  pertinent  to  CCD  technology 
but  not  specifically  cited  in  the  text. 


[Bl]  " Zero  Loss  Transfer  Across  Gaps  in  a CCD",  R.H.  Krambeck,  BSTJ,  p.  3169, 
December  1971. 

[B2]  "Error  Rates  of  Digital  Signals  in  Charge  Transfer  Devices",  K.K. 
Thombjer,  BSTJ,  p.  1795,  December  1973. 

[B3]  "Optimum  Linear  Filtering  for  Charge-Trans fer Devices" , K.K.  Thombey 
IEEE  Jour.  Solid  State  Circuits,  p.  285,  Oct.  1974. 

[B4]  "A  Dual-Differential  Analog  Charge-Coupled  Device  for  Time-Shared 
Recursive  Filters",  D.A.  Sealer  and  M.F. .Tompsett,  ISSCC  Digest, 
p.  152,  Feb.  1975. 

[B5]  "The  ABC's  of  CCDs",  W.F.  Kosonocky,  and  D.J.  Saua,  Electronic  Design, 
p.  58,  April  12,  1975. 

[B6]  "Electrical  Characteristics  of  500-Bit  AX.-AA203-AJ,  CCD  Shift  Registers", 
D.R.  Collins,  W.C.  Rhines,  J.B.  Barton,  S.R.  Shortes,  R.W.  Brodersen, 
and  A.F.  Tasch,  Jr.,  Proc.  IEEE,  p.  282,  Feb.  1974. 

[B7]  "Investigation  of  Semiconductor-Charge  Devices",  D.D.  Buss,  J.D.  Holmes, 
and  L.A.  Rosser,  RADC  Report,  AD  772  637,  Oct.  1973. 

[B8]  "Investigation  of  Semiconductor  .Charge  Devices",  D.D.  Buss  and  W.H. 
Bailey,  RADC  Report.  AD  772  638,  Oct.  1973. 

[B9]  "Analysis  and  Applications  of  Analogue  CCD  Circuits",  D.D.  Buss,  W.H. 
Bailey,  and  D.R.  Collins,  IEEE  Circuit  Theory  International  Symposium 
Proc.,  p.  3,  1973. 

[110]  "On  the  Decay  of  Small  Amounts  of  Signal  Charge  in  Surface-Channel 

CCD's",  H.  El-Sissi  and  R.S.C.  Cobbold,  IEEE  Trans.  Electron  Devices, 
p.  154,  March  1975. 

[Bll]  "Charge-Coupled  Device  (CCD)  Analog  Signal  Processing",  H.F.  Beuz  and 
C.  Husson,  Proc.  IEEE,  p.  822,  May  1975. 

[B12]  "New  Structures  for  Charge-Coupled  Devices",  F.L.  Schuermeyer,  R.A. 

Belt,  C.R.  Young,  and  J.M.  Blasingame,  Proc.  IEEE,  p.1444  , Nov.  1972. 


[B13]  "Measurement  of  Transfer  Efficiency  of  Charge-Coupled  Devices", 

J.  Berger,  J.S.  Brugler,  and  R.  Melen,  IEEE  Jour.  Solid  State  Circuits, 
p.  421,  Dec.  1971. 

[B14]  "A  CCD  Serial  to  Parallel  Shift  Register",  C.H.  Chan  and  S.G. 

Chamberlain,  IEEE  Jour.  Solid  State  Circuits,  p,  388,  October  1973. 

[B15]  "A  Charge-Coupled  Serial  To  Parallel  Shift  Register",  C.H.  Chan, 

S.G.  Chamberlain,  and  D.R,  Culton,  IEEE  Int . Elect.  Electron  Conf., 
p.  140,  Oct.  1973. 

[B16]  "Study  of  the  Use  of  Charge-Coupled  Devices  in  Analog  Signal  Process- 
ing Systems",  M.H.  White  and  W.R.  Webb,  Naval  Research  Report,  AD 
783  703,  May  1974. 

[B17]  "Artillery-Launched  Charge-Coupled  Device  (CCD)",  E.  Willett  and 
H.  Forst,  Army  Land  Warfare  Report,  AD  786  697,  June  1974. 

[B18]  "Charge-Coupled  Devices  for  Analog  Signal  Processing-Recursive  Filter 
Study",  V.  Iamsa-ad,  Naval  Postgraduate  School,  AD/A  005469,  Dec. 

1974. 

[B19]  "A  CCD  Nonlinear  Lumped  Model",  H.  Tanigawa  and  T.  Ando,  ISSCC  Digest, 
p.  150,  Feb.  1974. 

[B20]  "Charge  Transfer  in  Buried-Channel  Charge-Coupled  Devices",  Y.  Daimon, 
A.M.  Mohsen,  and  T.C.  McGill,  ISSCC  Digest,  p.  146,  Feb.  1974. 

[B21]  "Diagnostic  Analysis  of  the  Charge  Transfer  in  CCDs",  H.  Wallinga 
and  H.L.M.  van  Ruyven,  ISSCC  Digest,  p.  148,  Feb.  1974. 

[B22]  "Charge-Coupled  Devices  with  Submicron  Electrode  Separations" , I.M. 

Baker,  J.D.E.  Beynon,  and  M.A.  Copeland,  Electronics  Letters,  p.  48, 
Feb.  8,  1973. 

l»23]  "Bias  Charge  Optimization  of  High-Speed  Operation",  Y.  Kamigaki, 

H.  Sunami,  and  Y.  Itoh,  Proc.  4th  Conf.  Solid  State  Devices,  Tokyo, 
p.  201,  1972. 

[B24]  "Video  Integration  Using  Charge-Coupled  Devices",  J.B.G.  Roberts, 

M.  Chesswas,  and  R.  Eames,  Electronics  Letters,  p.  169,  May  16 j 1974. 

[B25]  "Approximate  Formula  for  Surface  Carrier  Concentration  in  Charge- 
Coupled  Devices",  D.G.  Ong  and  R.F.  Pierret,  Electronics  Letters, 
p.  6,  Jan.  10,  1974. 

[B26]  "The  Inception  of  Charge-Coupled  Devices",  W.S.  Bovle  and  G.E.  Smith, 
IEEE  Trans,  on  Electron  Devices,  ED-23,  p.  661,  1976. 


304 


[B27]  "Charge-Coupled  Devices  for  Analog  Signal  Processing",  D.D,  Buss, 
R.W,  Bj^oderson,  and  C,Rr  Hexes,  Proc.  IEEE  64,  p.  801,  1976. 


■ 


[B28]  "Charge-Coupled  Devices-A  New  Approach  to  MIS  Device  Structures", 

W.S.  Boyle  and  G.E.  Smith,  IEEE  Spectrum,  p.  18,  July  1971. 

/ [B29]  "The  New  Concept  for  Memory  and  Imaging:  Charge  Coupling",  L.  Altman, 

Electronics,  p,  50,  June  21,  1971. 

[B30]  "Charge-Transfer  Devices  Filter  Complex  Communication  Signals", 

* J.J.  fiemann,  W.E.  Engeler,  R.D.  Baertsch,  D.M.  Brown,  Electronics, 

p.  113,  Nov.  14,  1974. 

[B31]  "Indium  Antimonide  Charge  Injection  Devices",  M.K.  Chum,  75ELSOIO, 

Feb.  1975. 

[B32]  "Performance  and  Operation  of  Buried  Channel  Charge  Coupled  Devices", 
K.C.  Gunsaega,  C.K.  Kim,  and  J.D.  Phillips  IEDM,  p.  21,  Dec.  1973. 

[B33]  "Electrical  Characteristics  of  Long  CCD  Shift  Registers  Fabricated 
Using  AA-Ai^O-'A?.  Double  Level  Metalization" , D.R.  Collins,  W.C. 
Rhines,  J.B.  Barton,  S.R.  Shortes,  R.W.  Brodersen,  and  A.F.  Tasch, 

Jr.,  IEDM,  p.  29,  Dec.  1973. 

[B34]  "Fabrication  and  Operation  of  CCD  Structure  with  Silicon  Layers  Grown 
on  Sapphire  Substrates",  Y.T.  Chan,  IEDM,  p.  469,  Dec.  1973. 

[B35]  "A  Recirculating  CCD  with  Novel  Input  and  Output  Structures",  A.L, 
Lancaster  and  J.M.  Hartman,  IEDM,  p.  108,  Dec.  1974. 

[B36]  "A  4096  Bit  Offset  Gate  CCD:  Some  Experimental  Results",  R.W.  Bower, 
T.A.  Zimmerman,  W.H.  Huber,  and  W.Y.  Lee,  IEDM,  Late  paper,  p.  3, 

Dec.  1974. 

[B37]  "Offset  Mask  Charge  Coupled  Devices  for  Memory  Applications",  A.M. 
Mohsen,  T.F.  Retajezyk,  and  C.H.  Sequin,  IEDM,  Late  paper,  p.  4, 

Dec.  1974. 

[B38]  "Transfer  Efficiency  of  E-Beam  Fabricated  C4D's",  R.H.  Krambeck,  T.F. 
Retajczk,  Jr.,  and  L.D.  Yau,  IEDM,  p.  248,  Dec.  1974. 

[ B 39 ] "Experimental  Observation  of  Signal  Degradation  in  Recirculating 


Charge-Coupled  Devices",  G.A.  Clough,  W.  Kotyczka,  and  D.M.  Erb, 

Tmw  7<;i  n^/.  10  7/. 


[B40]  "Charge  Coupled  Devices  for  Imaging  Sensing",  M.F.  Tompsett,  D.A. 

Sealer,  and  C.H.  Sequin,  CCD  Applications  Conference,  San  Diego, 
p.  1,  1973 

[B41]  "Design  and  Operation  of  Buried  Channel  Charge-Coupled  Devices", 

Choong-Ki  Kim,  CCD  Applications  Conference,  San  Diego,  p.  7,  1973. 

[B42]  "Tradeoff  Analysis  for  CCD  Area  Imagers:  Frontside  Illuminated  Inter- 

line Transfer  vs  Backside  Illuminated  Frame  Transfer','  D.F.  Barbe  and 
M.H.  White,  CCD  Applications  Conference,  San  Diego,  p,  13,  1973. 

[B43]  "A  Nev  Charge-Coupiid  Area  Imaging  Device",  L.  Walsh  and  R.H.  Dyck, 

CCD  Applications  Conference,  San  Diego,  p.  21,  1973. 

[B44]  "Design,  Fabrication  and  Performance  of  a 128  x 160  Element  Charge- 
Coupled  Image  Sensor", M.G.  Kovac,  F.V.  Shallcross,  W.S.  Pike,  and 
P.K.  Weimer,  CCD  Applications  Conference,  San  Diego,  p.  37,  1973. 

[B45]  "Appraisal  of  Charge  Transfer  Technologies  for  Peripheral  Memory 

Applications,  H.A.R.  Wegener,  CCD  Applications  Conference,  San  Diego, 
p.  43,  1973. 

[B46]  "Conceptual  Design  of  an  Eight  Megabyte  High  Performance  Charge- 

Coupled  Storage  Device",  B.  Agusta  and  T.V.  Harround,  CCD  Applications 
Conferemce,  San  Diego,  p.  55,  1973. 

[B47]  "CCD  Digital  Memory  for  Radar  Applications",  R.A.  Belt,  CCD  Applica- 
tions Conference,  San  Diego,  p.  63,  1973. 

[B48]  "Recent  Improvements  in  Charge-Coupled  Memory  Devices"  , Y .T . Chan, 

B.T.  French,  and  R.A.  Gudmundsen,  CCD  Applications  Conference,  San 
Diego,  p.  69,  1973. 

[B49]  "Performance  Characteristics  of  CCD  Shift  Registers  Fabricated  'sing 
Aluminum-Anodized  Aluminum-Aluminum  Double  Level  Metallization",  D.R. 
Collins,  J.B.  Barton,  R.W.  Brodersen,  W.C.  Rhines,  S.R.  Shortes,  and 
A.F.  Tasch,  Jr.,  CCD  Applications  Conference,  San  Diego,  p.  79,  1973. 

[B49]  "A  Surface  Charge  Correlator  for  Signal  Processing",  J.J.  Tiermann, 

R.D.  Baertsch,  and  W.E.  Engeler,  CCD  Applications  Conference,  San 
Diego,  p.  103,  1973. 

[B50]  "An  Electrically  Programmable  LSI  Transversal  Filter  for  Discrete 

Analog  Signal  Processing  (DASP)",  D.R.  Lampe,  J.L.  Fagan,  J.H.  Mims, 
and  M.H.  White,  CCD  Applications  Conference,  San  Diego,  p.  Ill,  1973. 

[B51]  "Design  and  Performance  of  Charge-Coupled  Device  Time-Division  Analog 

Multiplexers','  T.F.  Cheek,  Jr.,  J.B.  Barton,  S.P.  Emmons,  J.E.  Schroeder, 
and  A.F.  Tasch,  Jr.,  CCD  Applications  Conference,  San  Diego,  p.  127, 
1973. 


[B52]  "The  Use  of  CCD  Correlators  In  a Spread  Spectrum  Communications 

Example",  T.A,  Zimmerman  and  R.W.  Bower,  CCD  Applications  Conference, 

San  Diego,  p.  141,  19 71. 

[B53]  "Using  Charge-Coupled  Devices  for  Analog  Delay",  M.F.  Tompsett,  CCD 
Applications  Conference,  San  Diego,  p.  147,  1973. 

[B54 ] "A  Signal  Processing  Sensor  Using  CCDs",  H.J.  Whitehouse  and  I.  Lagnado 
CCD  Applications  Conference,  San  Diego,  p.  153,  1973. 

[B55]  "The  Peristaltic  Charge-Coupled  Device",  L.J.M.  Esser,  CCD  Applications 
Conference,  San  Diego,  p.  155,  1973. 

[B56]  "Burled  Channel  Charge-Coupled  Devices  for  Infrared  Applications," 

D.M.  Erb  and  K.  Nummedal,  CCD  Applications  Conference,  San  Diego, 
p.  157,  19/3. 

[B57]  "Experimental  Characterisation  of  Charge  Transfer  Efficiency  in  Sur- 
face Channel  CCDs” , R.W.  Brodersen,  D.D.  Buss,  and  A.F.  Tasch,  Jr., 

CCD  Applications  Conference,  San  Diego,  p.  169,  1973. 

[B58]  "Dark-Current  and  Storage-Time  Considerations  in  Charged-Coupled 

Devices",  A.F.  Tasch,  Jr.,  R.W.  Brodersen,  D.D.  Buss,  and  R.T.  Bate, 

CCD  Applications  Conference,  p.  179,  1973. 

[B59]  "The  Performance  of  CCDs  in  Signal  Processing  at  Low  Signal  Levels", 

S.P.  Emmons  and  D.D.  Buss,  CCD  Applications,  San  Diego,  p.  189,  1973. 

[B6Q]  "Polysilicon-Aluminum  Gate  CCD",  W.F.  Kosonocky  and  J.E.  Carnes,  CCD 
Applications  Conference,  San  Diego,  p.  217,  1973. 

[B61]  "Effects  of  Gamma  Radiation  on  Charge-Coupled  Devices" , D.F.  Barbe, 

J.M.  Killiany,  and  H.L.  Hughes,  CCD  Applications  Conference,  San  Diego, 
p.  229,  1973. 

[B62]  "Charge-Coupled  Devices  for  Low  Light  Level  Imaging",  S.B.  Campana, 

CCD  Applications  Conference,  San  Diego,  p.  235,  1973. 

[B63]  "Theoretical  Analysis  of  Directly  Coupled  8-12  pm  Hybrid  IRCCO  Serial 
Scanning",  A.J.  Steckl  and  T.  Koehler,  CCD  Applications  Conference, 

San  Diego,  p.  247,  1973. 

[B64]  "Feasibility  Study  of  PbTe  and  Pb»  7ftSnQ  ?4^e  ^n^rare<^  Charge-Coupled 

Imager",  T.F.  Tao,  J.R.  Ellis,  L.  Rose,  ana  A.  Doshier,  CCD  Applications, 
Conference,  San  Diego,  p.  259,  1973. 

[B65]  "A  Surface-Charge  Correlator",  J.J.  Tiemann,  W.E.  Engeler,  and  R.D. 

Baertsch,  IEEE  Jour.  Solid  State  Circuits,  p.  402,  Dec.  1974. 


307 


[B66]  "Surface  Charge  Transport  in  Silicon",  W.E.  Engeler,  J.J.  Tiemann, 
and  R.D.  Baertsch,  Applied  Phys.  Letters , p.  469,  Dec.  1,  1970. 


! 


j 

\ 

7 


1 


t f 


[B67]  "The  Pluses  and  Minuses  of  Charge  Transport  Devices",  R.D.  Baertsch, 

W.E.  Engeler,  and  J.J.  Tiemann,  Electronics,  p.  86,  Dec.  6,  1971. 

[B68]  "A  Memory  System  Based  Surface-Charge  Transport",  W.E.  Engeler, 

J.J.  Tiemann,  and  R.D.  Baertsch,  ISSCC,  p.  164,  Feb.  1971. 

t 

[B69]  "Surface-Charge  RAM  System",  W.E.  Engeler,  J.J.  Tiemann,  and  R.D. 

Baertsch,  ISSCC,  p.  18,  Feb.  1972. 

[B70]  "A  Charge-Coupled  Area  Image  Sensor  and  Frame  Store",  C.H.  Sequin, 

D.A.  Sealer,  W.J.  Bertram,  Jr.,  M.F.  Tompsett,  R.R.  Buckley,  T.A. 

Shankoff,  and  W.J.  McNamara,  IEEE  Trans.  Electronic  Devices,  p.  244, 

March  1973. 

[B71]  "Charge-Coupled  Imaging  Devices:  Design  Considerations",  G.F.  Amelio, , 

W.J.  Bertram,  Jr.,  and  M.F.  Tompsett,  IEEE  Trans.  Electron  Devices, 
p.  986,  Nov.  1971. 

[B72]  "Charge-Coupling  Improves  Its  Image,  Challenging  Video  Camera  Tubes", 

M.F.  Tompsett,  W.J.  Bertram,  D.A.  Sealer,  and  C.H.  Sequin,  Electronics, 
p.  162,  Jan.  18,  1973. 

[B73]  "Charge-Coupled  Image-Sensing  Devices  Using  Three  Levels  of  Poly- 
silicon", C.H.  Sequin,  D.A.  Sealer,  W.J.  Bertram,  R.R.  Buckley,  F.J. 

Morris,  T.A.  Shankoff,  and  M.F.  Tompsett,  ISSCC,  p.  24,  Feb.  1974. 

[B74]  "Charge-Coupled  Imager",  P.K.  Weimet;  M.G.  Kovac,  W.S.  Pike,  and  F.V. 
Shallcross,  Naval  Research  Report,  AD-758  741,  Sept.  1972. 

[B 75  J "An  Experimental  Solid  State  TV  Camera  Using  a 32  x 44  Element  Charge- 

Transfer  Bucket-Brigade  Sensor",  W.S.  Pike,  M.G.  Kovac,  F.V.  Shallcross, 
and  P.K:  Weimer,  RCA  Review,  p.  483,  Sept.  1972. 

[B76]  "Charge-Coupled  Scanned  IR  Imaging  Sensors",  E.S.  Kohn  and  M.L. 

Schultz,  Advanced  Research  Proj ects  report , AFCRL-TR-74-0056,  Jan.  14 
1974. 

[B77]  "Application  of  an  Area-Imaging  Charge-Coupled  Device  for  Television 
Cameras",  H.  Hamasui,  G.  Amelio,  and  J.  Rothstein, 

[B78]  "Operational  Characteristics  of  CID  Imager",  G.J.  Michon  and  H.K. 

Burke,  ISSCC,  p.  26,  Feb.  1974. 

[B79 ] "Charge  Injection  Imaging",  G.J.  Michon  and  H.K.  Burke,  ISSCC,  p.  138, 

Feb.  1973. 

308 


[B80]  "A  Transparent  Electrode  CCD  Image  Sensor",  R.D.  Melen  and  J.D. 

Meindl , ISSCC,  p.  130,  Feb.  1973. 

[B81 ] "A  Transparent  Electrode  CCD  Image  Sensor  for  a Reading  Aid  for  the 
Blind",  R.D.  Melen  and  J.D.  Meindl,  IEEE  Jour.  Solid  State  Circuits, 
p.  41,  April  1974. 

[B82 ] "Carried  Diffusion  Degradation  of  Modulation  Transfer  Function  in 
Charge-Ccupled  Imagers",  D.H.  Seib,  IEEE  Trans.  Electron  Devices, 
p.  210,  March  1974.  Also,  AD-767903,  Aug.  24,  1973. 

[B83]  "Electrode  Materials  for  Charge  Coupled  Devices",  W.J.  Gajde  Jr., 

NASA  Report  CR-132348,  Oct.  1973. 

[B84 ] "A  Three  Terminal  Charge-Injection  Device",  P.  Jespers  and  J-M  Millet 
ISSCC,  p.  28,  Feb.  1975. 

[B85 ] "An  Ultra  High-Speed  Clock-Pulseless  Scanner  for  MOS  Image  Sensors", 

N.  Kuike,  M.  Ashlhawa,  T.  Kamigama,  and  M.  Ozawa,  ISSCC,  p.  26,  Feb. 
1975. 

[B86]  "Quantum  Efficiency  of  a Silicon  Gate  Charge-Coupled  Optical  Imaging 
Array",  R.W.  Brown,  and  S.G„  Chamberlain,  Phys.  Stat.  Sol.,  p.  675, 
1973. 

[B87 J "Solid  State  Image  Sensing  Array",  G.  Sadasiu,  NASA  Report  N73-16738, 
Dec.  1,  1972. 

[B88 ] "The  Infrared  Extended  Gates  CCI  (Charge  Coupled  Imager)",  K.P. 
Schamhoust,  Naval  Ordinance  Report,  AD.-775-896,  Jan.  1974. 

[B89  ] "The  Tradeoffs  in  Monolithic  Image  Sensors:  MOS  vs  CCD",  R.  Melen, 

Electronics,  p.  106,  May  24,  1973. 

[B90 ] "Charge  Coupled  Device  Image  Sensor  Study",  JPL  Report  N74-17168, 

Feb.  1974. 

[B91]  "Two-Phase  Charge  Coupled  Linear  Imaging  Devices  with  Self-Aligned 
Implanted  Barriers”,  C.K.  Kim,  IEDM,  p.  55,  Dec.  1974. 

[B92]  "Design  and  Performance  of  a Three-Phase  Double  Level  Metal  160  x 100 
Element  CCD  Imager",  G.A.  Hartsell,  and  A.R.  KJmetz,  IEDM,  p.  59, 

Dec.  1974. 

[B93]  "Development  of  a Thinned,  Backside-Illuminated  Charge-Coupled  Device 
Imager",  S.R.  Shortes,  W.W.  Chau,  W.C.  Rhines,  J.B.  Barton,  and  D.R. 
Collins,  IEDM,  p.  415,  Dec.  1973. 


309 


[B94]  "A  New  Surface  Charge  Analog  Store",  R.D.  Baertsch,  W.£.  Engeler , anti 

J. J.  Tiemann,  IEDM,  p.  134,  Dec.  1973. 

[B95]  "Experimental  Verification  of  the  Charge  Coupled  Device  Concept", 

G.F.  Amelio,  M.F.  Tompsett,  and  G.E.  Smith,  BSTJ,  p.  593,  April  1970. 

[B96]  "Effect  of  Signal  and  Fat-Zero  Size  on  the  Performance  of  3-Phase 
CCD  Shifts  Register",  M.P.  Singh,  D.R.  Lamb,  and  P.C.T.  Roberts, 

Proc.  IEEE,  p.  693,  July,  1975.  * 

[B97]  "Incomplete  Transfer  in  Charge-Transfer  Devices",  C.N.  Berglund  and 

K. K.  .Thornber,  IEEE  Journ.  Solid  State  Circuits,  p.  108,  April  1973. 

[B98]  "Digital  Signal  Transfer  in  Charge-Transfer  Devices",  L.G.  Heller 

and  H.S.  Lee,  IEEE  Journ.  Solid  State  Circuits,  p.  116,  April  1973. 

[B99]  "Charge-Coupled  Device  Analogue  Matched  Filters",  D.R.  Collins, 

W.H.  Bailey,  W.M.  Gosney,  and  D.D.  Buss,  Electronics  Letters,  p.  328, 

June  29,  1972. 

fBlOO]  "J.F.E.T.  Bucket-Brigade  Circuit:  Some  Recent  Experimental  Results", 

M.B.  Barron  and  W.J.  Butler,  Electronics  Letters,  p.  603,  Dec.  13, 

1973. 

[B101]  "Noise  and  Distortion  Considerations  in  Charge-CoupL_J  Devices", 

D.F.  Barbe,  Electronics  Letters,  p.  207,  April  20,  1972. 

[ B102]  "Basic  Operation  of  the  Charge  Coupled  Device",  D . J .,  Burt,  1974  CCD 
Conference,  Edinburgh,  p.  1,  1974. 

[B103]  "CCD  Technology",  M.  F.  Tompsett,  1974  CCD  Conference,  Edinburgh, 
p.  75,  1974. 

[ B104]  "Charge-Coupled  Structures  with  Self-Aligned  Sub-Micron  Gaps", 

J.D.E.  Beynon,  R.A.  Haken  & I.M.  Baker,  1974  CCD  Conference, 

Edinburgh,  p.  92,  1974. 

[B105]  "PCCD  Technology  and  Performance",  M.J.J.  Theunissen  6.  L.J.M.  Esser, 

1974  CCD  Conference,  Edinburgh,  p.  106,  1974. 

* X 

[ B106]  "Radiation  Hardness  of  Aluminium  Gate  CCD  s",  E.W.  Williams, 

J.R.  Bosnell,  D.J.  Windle,  D.  Machin,  A.  Hitchcock  & J.L.  Wankling, 

1974  CCD  Conference,  Edinburgh,  p.  123,  1974. 

♦ 

[B107]  "Low  Light  Level  Performance  of  a Charge-Coupled  Area  Imaging 

Device",  R.H.  Dyck  & M.D.  Jack,  1974  CCD  Conference,  Edinburgh, 
p.  154,  1974. 

[B108  ] "Tradeoffs  Between  Aliasing  and  MTF" , S.B.  Campana  6 D.F.  Barbe, 

1974  CCD  Conference,  Edinburgh,  p.  168,  1974. 


310 


[B109  ] "Signal  Processing  Image  Sensor  Using  Charge-Coupled  Devices", 

I.  Lagnado  & H.J.  Whitehouse,  1974  CCD  Conference,  Edinburgh, 
p.  198,  1974. 

[B110]  "Video  Integration  with  CCD  Delay  Lines",  J.B.G.  Roberts  & 

M.  Chesswas,  1974  CCD  Conference,  Edinburgh,  p.  214,  1974. 

[Bill]  "Transversal  Filtering  Using  Charge-Coupled  Devices",  D.J.  MacLennan 

J.  Mavor,  G.  Vanstone  & D.J.  Windle,  1974  CCD  Conference,  Edinburgh, 
p.  221,  1974. 

[B112]  "The'  Use  of  Charge-Coupled  Devices  for  Single-Sideband  Modulation", 
A.  Chowaniec  & G.S.  Hobson,  1974  CCD  Conference,  Edinburgh, 
p.  237,  1974. 

[Blljj  "Future  Developments  in  Charge-Coupled  Devices",  G.F.  Vanstone, 

1974  CCD  Conference,  Edinburgh,  p.  245,  1974. 

[B114]  "Application  of  Charge-Coupled  Devices  to  Infrared  Detection  and 
Imaging",  A.J.  Steckl,  R.D.  Nelson,  B.T.  French  & D.  Schecter, 

1974  CCD  Conference,  Edinburgh,  p.  256,  1974. 

[B115]  "Non-Volatile  Memory  with  MNOS  Capacitors",  K.  Knauer  & K.  Goser , 
1974  CCD  Conference,  Edinburgh,  p.  274,  1974. 

[B116]  "A  CCD  on  Gallium  Arsenide",  A.J.  Hughes,  W.  Eccleston  & 

R.A.  Stuart,  1974  CCD  Conference,  Edinburgh,  p.  270,  1974. 

[B117]  "The  Use  of  Plasmas  in  CCD  Processing",  D.V.  McCaughan,  1974  CCD 
Conference,  Edinburgh,  p.  281,  1974. 

[B118]  "Some  General  Experimental  Studies  on  Charge-Coupled  Device 

Circuits",  S.G.  Chamberlain,  M.A.  Copeland  & A. A.  Ibrahim,  Int. 

J.  Electronics,  p.  833,  1973. 

[B119]  "Novel  Technique  for  the  Linearisation  of  Charge-Coupled  Devices", 
D.J.  MacLennan  & J.  Mavor,  Electronic  Letter,  p.  222,  May  15,1975. 

[B120]  "Thermal  Carrier  Generation  in  Charge-Coupled  Devices",  D.G.  Ong  & 
R.F.  Pierret,  IEEE  Trans.  Electron  Devices,  p.  593,  August  1975. 

[B121]  "Charge-Transfer  Readout  and  White-Video-Defect  Suppression  in 
X-Y  Image  Sensors",  M.G.  Kovas,  IEEE  Trans.  Electron  Devices, 
p.  168,  April  1975. 

[B122]  "Experimental  Characterization  of  Transfer  Efficiency  in 

Charge-Coupled  Devices",  R.W.  Brodersen,  D.D.  Buss  & A.F.  Tasch,  Jr. 
IEEE  Trans.  Electron  Devices,  p.  40,  February  1975. 


311 


[ B 12 3]  "Charge-Coupled  Imaging  Devices:  Experimental  Result",  M.F.  TompsetL, 
G.F.  Amelio,  W.J.  Bertram,  Jr.,  R.R.  Buckley,  W.J.  McNamara, 

J.C.  Mikkelsen,  Jr.,  & D.A.  Sealer,  IEEE  Trans.  Electron  Devices, 
p.  992,  November  1971. 

[ B124]  "The  Design  and  Operation  of  Charge-Coupled  Image  Sensors", 

P.K.  Weimer,  W.S.  Pike,  M.G.  Kovac  & F.V.  Shallcross,  1SSCC,  p.  332, 
1973. 

[ B125]  "CCD  Memory  Options",  D.R.  Collins,  J.B.  Barton,  D.C.  Buss, 

A.R.  Kmetz  & J.E.  Schroeder,  ISSCC,  p.  136,  1973. 

[B126]  "Operating  Memory  System  Using  Charge-Coupled  Devices",  N.G.  Vogl  a 
T.V.  Harroun,  ISSCC,  p.  246,  1972. 

[B127]  "Local  Oxidation  of  Silicon,  New  Technological  Aspects",  J.A.  Appels 
& M.M.  Paffen,  Phillips  Res.  Report,  p.  157,  1971. 

[B120]  " 8192-Bit  Block  Addressable  CCD  Memory",  S.D.  Rosenbaum  & J.T.  Caves 

IEEE  Jour.  Solid-State  Circuits,  p.  273,  October  1975. 

[B129]  "Theory  of  the  Flow  of  Electrons  and  Holes  in  Germanium  and  Other 
Semiconductors",  W.  Van  Roosbroech,  BSTJ,  p.  560,  1950. 

[B130]  "Two-Dimensional  Numerical  Analysis  of  Semiconductor  Devices: 

Application  to  Bipolar  Transistors",  D.D.  Meya,  Ph.D.  Dissertation, 
Ohio  State  University,  1972. 

[B131 ] "Charge-Coupled  Device  Image  Sensor  Study",  Texas  Instrument, 
N74-17167,  December  1973. 

[B132]  "On  the  Feasibility  of  Slow-Wave-Structure  Clocking  of  High- 
Frequency  Charge-Coupled  Devices",  R.  Bharat,  AD-768786, 

October  1973. 

[B133 ] "Increased  Signal  Speed  by  GaAs  CCD's",  H.L.  Hartnagel  & 

T.J.  Hutchinson,  AEU,  p.  286,  1975. 

[B134]  "Extrinsic  Silicon  Monolithic  Focal  Plane  Array  Technology  and 
Applications  ",  K.  Nummedal,  J.C.  Fraser,  S.C.  Su,  R.  Baron  & 

R.M.  Finnila,  1975  CCD  Applications  Conference,  San  Diego, 
p.  19,  1975. 

[B134  ] "InSb  CCDs  and  Other  MIS  Devices  for  Infrared  Applications", 

R.B.  Thom  R.E.  Eck,  J.D.  Phillips  & J.B.  Scorso,  1975  CCD  Appli- 
cations Conference,  San  Diego,  p.  31,  1975. 

[B135]  "A  CCD  Multiplexer  With  Forty  AC  Coupled  Inputs",  S.P.  Emmons, 

T.F.  Cheek,  Jr.,  J.T.  Hall,  P.W.  Van  Atta  & R.  Balcerak,  1975  CCD 
Applications  Conference,  San  Diego,  p.  43,  1975 


312 


{B136]  "Integrated  CCD-Bipolar  Structure  for  Focal  Plane  Processing  of 
1R  Signals",  W.  Grant,  R,  Balcerak,  P.  Van  Atta  & J.T.  Hall, 

1975  CCD  Applications  Conference,  San  Diego,  p.  53,  1975. 

[B137  ] "Infrared  Imaging  With  Monolithic,  CCD-Addressed  Schottky-Barr ier 

Detector  Arrays:  Theoretical  and  Experimental  Results",  E.S.  Kohn, 

S.A.  Roosild,  F.D.  Shepherd,  Jr.,  & A.C.  Yang,  1975  CCD  Applica- 
tions Conference,  San  Diego,  p.  59,  1975. 

(B138  ] "Series-Parallel  Scan  IR  CID  Focal  Plane  Array  Concept",  M.  Hess 
& A.F.  Milton,  1975  CCD  Applications  Conference,  San  Diego, 
p.,  71,  1975. 

t®139  ] "Injection  Efficiency  in  Hybrid  IRCCD's",  A.J.  Steckl,  1975  CCD 
Applications  Conference,  San  Diego,  p.  85,  1975. 

pi40  ] "Parametric  System  Analysis  in  Charge-Coupled  Device  Imaging 

Applications",  R.  Wight,  1975  CCD  Applications  Conference,  San 
Diego,  p.  121,  1975. 

[B141]  "Performance  Analysis  of  EBS-CCD  Imaging  Tubes/Status  of  ICCD 
Development",  J.B.  Barton,  J.J.  Cuny  & D.R.  Collins,  1975  CCD 
Applications  Conference,  San  Diego,  p.  133,  1975. 

[B142.]  "Development  of  a 400  x 400  Element,  Backside  Illuminated  CCD 

Imager",  G.A.  Antcliffe,  L.J.  Hornbeck,  W.C.  Rhines,  W.W.  Chan, 

J. W.  Walker  & D.R.  Collins,  1975  CCD  Applications  Conference, 

San  Diego,  p.  147,  1975. 

[R143]  "An  Intensified  Charge-Coupled  Device  for  Extremely  Low  Light 

Level  Operation",  D.G.  Currie,  1975  CCD  Applications  Conference, 

San  Diego,  p.  155,  1975. 

[B144  ] "CCD  Dynamically  Focussed  Lenses  for  Ultrasonic  Imaging  Systems", 
R.D.  Melen,  J.D.  Shott,  J.T.  Walker  & J.D.  Meindl,  1975  CCD 
Applications  Conference,  San  Diego,  p.  165,  1975. 

[B145  ] "CCD-TV  Cameras  Utilizing  Interline-Transfer  Area  Image  Sensors”, 

K. A.  Hoagland  & H.L.  Balopole,  1975  CCD  Applications  Conference, 

San  Diego,  p.  173,  1975. 

[B146  ] "Diverse  Electronic  Imaging  Applications  for  CCD  Line  Image 

Sensors",  J.  Hunt  & H.  Sadowski,  1975  CCD  Applications  Conference, 
San  Diego,  p.  181,  1975. 

[B147]  "Charge-Coupled  Device  (CCD)  Analog  Signal  Processing",  M.H.  White 
& D.R.  Lampe,  1975  CCD  Applications  Conference,  San  Diego,  p.  189, 
1975. 


313 


[B148]  "Acoustic  Surface  Wave  Interaction  Charge-Coupled  Device,"  S.D. 

Gaalema,  R.J.  Schwartz,  and  R.L.  Gunshor,  Appl.  Phys.  Letters,  29 , 
p.  82,  1976. 

[B149  ] "Signal  Processing  Capabilities  of  a 100  x 100  CCD  Array", 

S.P.  Buchanan  A R.R.  Clark,  1975  CCD  Applications  Conference,  San 
Diego,  p.  209,  1975. 

[B150  ] "The  Use  of  Charge-Coupled  Devices  in  Electrooptical  Processing", 
M.A.  Monahan,  R.P.  Bocker,  K.  Bromley,  A.C.H.  Louie,  R.D.  Martin  & 
R.G.  Shepard,  1975  CCD  Applications  Conference,  San  Diego,  p.  217, 
1975. 

[BL51]  "Analogue  Correlators  Using  Charge-Coupled  Devices",  J.G.  Harp, 
G.F.  Vanstone,  D.J.  MacLennan  & J.  Mavor,  1975  CCD  Applications 
Conference,  San  Diego,  p.  229,  1975. 

[B152  ] "Discrete-Time  Analog  Signal  Processing  Devices  Employing  a 
Parallel  Architecture",  R.R.  Buss  & G.P.  Weckler,  1975  CCD 
Applications  Conference,  San  Diego,  p.  237,  1975. 

[B153]  "Multiple  Filter  Characteristics  Using  a Single  CCD  Structure", 

A. A.  Ibrahim,  G.J.  Hupe  & L.P.  Sellars,  1975  CCD  Applications 
Conference,  San  Diego,  p.  245,  1975. 

[B154  1 "Applications  of  a CCD  Low-Pass  Transversal  Filter",  R.D.  Baertsch 
& J.J.  Tiemann,  1975  CCD  Applications  Conference,  San  Diego, 
p.  251,  1975. 

[B155  ] "Comparison  Between  the  CCD  CZT  and  the  Digital  FFT",  D.D.  Buss, 
R.L.  Veenkant,  R.W.  Brodersen  & C.R.  Hewes,  1975  CCD  Applications 
Conference,  San  Diego,  p.  267,  1975. 

[B156.]  "Radar  Video  Processing  Using  the  CCD  Chirp  Z Transform", 

W.H.  Bailey,  D.D.  Buss,  L.R.  Hite  & M.W.  Whatley,  1975  CCD  Appli- 
cations Conference,  San  Diego,  p.  283,  1975. 

[B157  ] "Linearisation  of  the  Charge-Coupled  Device  Transfer  Function", 
D.J.  MacLennan  & J.  Mavor,  1975  CCD  Applications  Conference, 

San  Diego,  p.  291,  1975. 

[B158]  "A  CCD-SAW  Processor  for  Pulse  Doppler  Radar  Signals", 

J.B.G.  Roberts,  R.  Eames  & R.F.  Simons,  1975  CCD  Applications 
Conference,  San  Diego,  p.  295,  1975. 

[B159  ] "CCD  Applications  to  Synthetic  Aperture  Radar",  W. Bailey, 

W.  Eversole,  J.  Holmes,  W.  Arens,  W.  Hoover,  J.  McGehee  & 

R.  Ridings,  1975  CCD  Applications  Conference,  San  Diego,  p.  301, 
1975. 

314 


j 

* 


~r~ — 


[B160  ] "A  Self  Contained  800  Stage  CCD  Transversal  Filter",  C.R.  Hewes, 
1975  CCD  Applications  Conference,  San  Diego,  p.  309,  1975. 

[B161  ] "A  Swept  Delay  Correlator",  J.B.G.  Roberts  & R.  Eames,  1975  CCD 
Applications  Conference,  San  Diego,  p.  319,  1975. 

[B162]  "A  Time  Domain  Analysis  of  Video  Integrators",  A.  Chowaniec  & 

G.S.  Hobson,  1975  CCD  Applications  Conference,  San  Diego,  p.  323, 
1975. 

[B163]  "The  Measurement  of  Noise  in  Buried  Channel  Charge-Coupled  Device^' 

R. W.  Brodersen  & S.P.  Emmons,  1975  CCD  Applications  Conference, 

Sain  Diego,  p.  331,  1975. 

[B164]  "Noise  Linearity  and  Trapped  Charge  Measurements  with  Charge 

Sensitive  Amplifiers",  K.  Kandiah,  1975  CCD  Applications  Confer- 
ence, San  Diego,  p.  351,  1975. 

[B165]  "Anti-Aliasing  Characteristics  of  the  Floating  Diffusion  Input", 

S. P.  Emmons,  D.D.  Buss,  R.W.  Brodersen  & C.R.  Hewes,  1975  CCD 
Applications  Conference,  San  Diego,  p.  361,  1975. 

[B166]  "Limitations  of  a Threshold-Insensitive  CCD  Input  Technique  in  a 
Total  Dose  Radiation  Environment",  J.M.  Killiany  & W.D.  Baker, 

1975  CCD  Applications  Conference,  San  Diego,  p.  369,  1975. 

[B167]  "Radiation  Hardness  of  Surface  and  Buried  Channel  CCDs", 

G.A.  Hartsell,  1975  CCD  Applications  Conference,  San  Diego, 
p.  375,  1975. 

[B168 ] "Low  Temperature  Silicon  CCD  Operation",  A.J.  Steckl,  1975  CCD 
Applications  Conference,  San  Diego,  p.  383,  1975. 

[B169]  "High  Speed  Operation  of  CCD's",  D.A.  Gradl,  R.A.  Groenwald  & 

T. J.  Flanagan,  1975  CCD  Applications  Conference,  San  Diego, 
p.  399,  1975. 

[B170]  "A  CCD  Memory  for  Radar  Signal  Processing",  R.A.  Belt,  1975  CCD 
Applications  Conference,  San  Diego,  p.  413,  1975. 

TB171]  "A  16  Kilobit  High  Density  CCD  Memory",  S.D.  Rosenbaum,  J.T.  Caves, 
S.  Poon  & C.H.  Chan,  1975  CCD  Applications  Conference,  San  Diego, 
p.  423,  1975. 

[B172]  "A  Fast  Access  Bulk  Memory  System  Using  CCD's/A  Recorder  Buffer 
Memory  Using  CCD's",  K.  Siemens,  C.R.  Robinson  & J.  Mastronardi, 
1975  CCD  Applications  Conference,  San  Diego,  p.  429,  1975. 

[B173]  "Cost  Performance  Aspects  of  CCD  Fast  Auxiliary  Memory", 

D.P.  Bhandarkar,  1975  CCD  Applications  Conference,  San  Diego, 
p.  435,  1975. 


315 


pi74  ] "a  CCD-Based  Transient  Data  Recorder",  T.E.  Linnenbrink, 

M.J.  Monahan  & J.L.  Rea,  1975  CCD  Applications  Conference,  San 
Diego,  p.  443,  1975. 

[B175]  "Charge-Coupled  Device  Imagers",  D.F.  Barbe,  IEDM,  p.  60,  1975. 

[B176]  "A  10MHz  16K  CCD  Condensed  SPS  Memory  Requiring  Only  Two  Clocks", 

C. H.  Chan,  S.D.  Rosenbaum,  J.T.  Caves  & S.  Poon,  IEDM,  p.  309, 

1975. 

[B177]  "Charge-Coupled  FET  Devices  (CCFET)",  J.M.  Shannon,  S.D.  Brotherton 
& A.  Gill,  IEDM,  p.  320,  1975. 

[B178]  "The  Charge-Coupled  RAM  Cell  - A New  MOS  Dynamic  RAM  Cell  Simpler 
Than  the  One-Transistor  Cell",  A.F.  Tasch,  H.S.  Fu  & R.C.  Frye, 
IEDM,  late  paper  14.7,  1975. 

[B179]  "Theory  of  the  Switching  Behavior  of  MIS  Memory  Transistors", 

E.C.  Ross  & J.T.  Wallmark,  RCA  Review,  Vol.  30,  p.  366,  1969. 

[B180]  "Metal-Nitride-Oxide-Silicon-Capacitor  Arrays  as  Electrical  and 
Optical  Stores",  G.F.  Vanstone,  Electronics  Lett.,  Vol.  8, 
p.  13,  1972. 

[B181]  "Characterization  of  Thin-Oxide  MNOS  Memory  Transistors", 

M.H.  White  & J.R.  Cricchi,  IEEE  Trans.  Elect.  Devices,  ED-19, 
p.  1280,  1973. 

[B182]  "An  X-Ray  Shadowgraph  to  Locate  Transient  High-Energy  Celestial 
Sources",  G.J.  Fishman,  T.A.  Parnell,  T.A.  Rygg  & J.C.  Gregory, 
Symp.  on  CCD  Technology  for  Scientific  Imaging  Applications, 
Pasadena,  p.  4,  1975. 

[B183]  "A  CCD  Image  Transducer  and  Processor  Suitable  For  Space  Flight", 

D. J.  Michels,  Symp.  on  CCD  Technology  for  Scientific  Imaging 
Applications,  Pasadena,  p.  14,  1975. 

[B184]  "A  Specialized  CCD  Imaging  and  Analysis  System  for  Earth  Resources 
Applications  Problems  (Abstract  only)",  A.F.H.  Goetz,  Symp.  on 
CCD  Technology  for  Scientific  Imaging  Applications,  Pasadena, 
p.  30,  1975. 

[B185]  "CCD  Star  Trackers",  W.C.  Goss,  Symp.  on  CCD  Technology  for 
Scientific  Imaging  Applications,  Pasadena,  p.  31,  1975. 

[B186 ] "CCD  Imaging  Instruments  for  Planetary  Spacecraft  Applications", 
T.H.  Reilly  & M.  Herring,  Symp.  on  CCD  Technology  for  Scientific 
Imaging  Applications,  Pasadena,  p.  46,  1975. 


316 


(B187  ] "Potential  Usefulness  of  CCD  Imagers  in  Astronomy",  T.B.  McCord  & 
J.P.  Bosel,  Symp.  on  CCD  Technology  for  Scientific  Imaging 
Applications,  Pasadena,  p.  65,  1975. 

[B188]  "Planetary  Investigation  Utilizing  an  Imaging  Spectrometer  System 
Based  upon  Charge  Injection  Technology",  R.B.  Wattson,  P.  Harvey  & 
R.  Swift,  Symp.  on  CCD  Technology  for  Scientific  Imaging  Applica- 
tions, Pasadena,  p.  70,  1975. 

[B189  ] "On  a Photon-Counting  Array  Using  the  Fairchild  CCD-201", 

D.G.  Currie,  Symp.  on  CCD  Technology  for  Scientific  Imaging  Appli- 
cations, Pasadena,  p.  80,  1975. 

[B190 J "Soft  X-Ray  Detection  with  the  Fairchild  100  x 100  CCD",  G.  Renda 
& J.L.  Lowrance,  Symp.  on  CCD  Technology  for  Scientific  Imaging 
Applications,  Pasadena,  p.  91,  1975. 

[B191  ] "Recent  Developments  in  CID  Imaging",  G.J.  Michon,  H.K.  Burke  & 

D.M.  Brown,  Symp.  on  CCD  Technology  for  Scientific  Imaging  Appli- 
cations, Pasadena,  p.  106,  1975. 

[B192  ] "Cooled  Slow-Scan  Performance  of  a 512  x 320  Element  Charge- 

Coupled  Imager",  R.L.  Rodgers  III  & D.L.  Giovachino,  Symp.  on  CCD 
Technology  for  Scientific  Imaging  Applications,  Pasadena,  p.  116, 
1975. 

[B193]  "Large-Area  CCD  Imagers  for  Spacecraft  Applications",  J.B.  Barton, 
G.A.  Antcliffe,  L..T.  Hornbeck,  J.M.  Younse  & D.R.  Collins,  Symp. 
on  CCD  Technology  for  Scientific  Imaging  Applications,  Pasadena, 
p.  125,  1975. 

fB194  1 "A  190  x 244  Charge-Coupled  Area  Image  Sensor  with  Interline  Trans- 
fer Organization",  L.R.  Walsh,  Symp.  on  CCD  Technology  for  Sci- 
entific Imaging  Applications,  Pasadena,  p.  137,  1975. 

IB195  ] "Experiments  on  the  Use  of  CCDs  to  Detect  Photoelectron  Images", 
J.P.  Choisser,  Symp.  on  CCD  Technology  for  Scientific  Imaging 
Applications,  Pasadena,  p.  150,  1975. 

fel96  I "Development  of  a CCD  for  Ultraviolet  Imaging  Using  a CCD  Photo- 
cathode Combination",  D.R.  Collins,  C.G.  Roberts,  W.W.  Chan, 

W.C.  Rhines  & J.B.  Barton,  Symp.  on  CCD  Technology  for  Scientific 
Imaging  Applications,  Pasadena,  p.  163,  1975. 

[B197]  "Slow-Scan  Operation  of  Long  Linear  CCD  Arrays",  M.  Vicars-Harris, 
Symp.  on  CCD  Technology  for  Scientific  Imaging  Applications, 
Pasadena,  p.  175,  1975. 

317 


[B198  1 "Imaging  Performance  of  a CCD  Area  Array  at  200*K",  W.D.  baker  f* 
D.J.  Michels,  Symp.  on  CCD  Technology  for  Scientific  Imaging 
Applications,  Pasadena,  p.  186,  1975. 

[B 199  1 "MTF  and  Point-Spread  Function  for  a Large-Area  CCD  Imager”, 

K.J.  Ando,  Symp.  on  CCD  Technology  for  Sceintific  Imaging  Applica- 
tions, Pasadena,  p.  192,  1975. 

[B200  ] "Effects  of  Ionizing  Radiation  on  CCDs",  G.A.  Hartsell, 

D.A.  Robinson  & D.R.  Collins,  Symp.  on  CCD  Technology  for  S>  ier. 
tific  Applications,  Pasadena,  p.  216,  1975. 

[B201  ] "Effects  of  Ionizing  Radiation  on  Charge-Coupled  Imagers", 

J. M.  Killiany,  W.D.  Baker,  N.S.  Saks  & D.F.  Barbe,  Symp.  on  CCD 
Technology  for  Scientific  Imaging  Applications,  Pasadena,  p.  22B, 

1975. 

|B202  ] "Overview  of  CCD  Memory",  L.M.  Terman  & L.G.  Heller,  IEEE  Trans- 
actions on  Electron  Devices,  ED-23,  p.  72,  1976. 

[B2031  "Design  of  a 16  384-Bit  Serial  Charge-Coupled  Memory  Device", 

S.  Chou,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p 78,  1976. 

[B204]  "A  Byte  Organized  NMOS/CCD  Memory  with  Dynamic  Refresh  Logic", 

R.C.  Varshney,  M.R.  Guidry,  G.F.  Amelio  & J.M.  Early,  IEEE  Trans- 
actions on  Electron  Devices,  ED-23,  p.  86,  1976. 

[B205]  "4096-Bit  Serial  Decoded  Multiphase  Serial-Parallel-Serial  CCD 

Memory",  W.E.  Tchon,  B.R.  Elmer,  A.J.  Denboer,  S.  Negishi, 

K.  Hirabayashi,  I.  Nojima  & S.  Kohyama,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  93,  1976. 

[B206]  "A  16  384-Bit  High-Density  CCD  Memory",  S.D.  Rosenbaum,  C.H.  Chan, 
J.T.  Caves,  S.C.  Poon  & R.W.  Wallace,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  101,  1976. 

[B207]  "A  16-kbit  Block  Addressed  Charge-Coupled  Memory  Device", 

A.M.  Mohsen,  M.F.  Tompsett,  E.N.  Fuls  & E.J.  Zimany,  Jr.,  IEEE 
Transactions  on  Electron  Devices,  ED-23,  p.  108,  1976. 

[B208]  "A  64-kbit  Block  Addressed  Charge-Coupled  Memory",  A.M.  Mohsen, 

R.W.  Bower,  E.M.  Wilder  & D,M.  Erb,  IEEE  Transactions  on  Electron 
Devices,  ED-23,  p.  117,  1976. 

[B209  ] "The  Charge-Coupled  RAM  Cell  Concept",  A.F.  Tasch,  Jr.,  R.C. Frye  & 
H.S.  Fu,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  126, 

1976. 


[B210]  "Signal  Processing  with  Charge-Transfer  Devices",  H.J.  Whitehouse, 
IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  132,  1976. 

[B211]  "The  Design  and  Operation  of  Practical  Charge-Transfer  Transversal 
Filters”,  R.D.  Baertsch,  W.E.  Engeler,  H.S.  Goldberg, 

C. M.  Puckette  & J.J.  Tiemann  ,IEEE  Transactions  on  Electron 
Devices,  ED-23,  p.  133,  1976. 

[B212]  "A  500-Stage  CCD  Transversal  Filter  for  Spectral  Analysis", 

R.W.  Brodersen,  C.R.  Hewes  & D.D.  Buss,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  143,  1976. 

[B213 3 "An  Optical  CCD  Convolver",  M.A.  Copeland,  D.  Roy,  J.D.E.  Beynon  & 
F.Y.K.  Dea,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  152, 
1976. 

[B214]  "A  Reprogrammable  Filter  Bank  Using  Charge-Coupled  Device  Discrete 
Analog-Signal  Processing",  J.  Mattern  & D.R.  Lampe,  IEEE  Trans- 
actions on  Electron  Devices,  ED-23,  p.  156,  1976. 

[B215]  "Charge-Transfer  Analog  Memories  for  Radar  and  ECM  Systems", 

W.J.  Butler,  W.E.  Engeler,  H.S.  Goldberg,  C.M.  Puckette  & 

H.  Lobenstein,  IEEE  Transactions  on  Electron  Devices,  ED-23, 
p.  161,  1976. 

[B216]  "A  Processor  for  Pulse-Doppler  Radar",  J.B.G.  Roberts.  R.  Eames, 

D. V.  McCaughan  & R.F.  Simons,  IEEE  Transactions  on  Electron 
Devices,  ED-23,  p.  168,  1976. 

(B217]  "A  Dual  Differential  Charge-Coupled  Analog  Delay  Device", 

D.A.  Sealer  & M.F.  Tompsett,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  173,  1976. 

[B218]  "Charge-Coupled  Device  and  Charge- Inject ion  Device  Imaging", 

D.F.  Barbe,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  177, 
1976. 

[B219  ] "All-Solid-State  Camera  for  the  525-Line  Television  Format", 

C.H.  Sequin,  E.J.  Zimany,  Jr.,  M.F.  Tompsett  & E.N.  Fuls,  IEEE 
Transactions  on  Electron  Devices,  ED-23,  p.  183,  1976. 

[B220]  "Charge- Inject ion  Imaging:  Operating  Techniques  and  Performance 

Characteristics",  H.K.  Burke  & G.J.  Michon,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  189,  1976. 

[B2211  "Transparent  Metal  Oxide  Electrode  CID  Imager",  D.M.  Brown, 

M.  Ghezzo  & M.  Garfinkel,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  196,  1976. 


|B222  ] "Three-Terminal  Charge- Injection  Device",  P.G.A.  Jespers  & 

J. M.  Millet,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  20J  , 
1976. 

[B223]  "A  Charge-Coupled  Infrared  Imaging  Array  with  Schottky-Barrier 
Detectors",  E.S.  Kohn,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  207,  1976. 

[B224]  "Noise  in  Buried  Channel  Charge-Coupled  Devices",  R.W.  Brodersen  6 

S. P.  Emmons,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  215, 
1976. 

[B225]  "The  Influence  of  Bulk  Traps  on  the  Charge-Transfer  Inefficiency 
of  Bulk  Charge-Coupled  Devices",  M.G.  Collet,  IEEE  Transactions 
on  Electron  Devices,  ED-23,  p.  224,  1976. 

[B226]  "Charge-Transfer  Efficiency  in  a Buried -Channel  Charge-Coupled 
Device  at  Very  Low  Signal  Levels",  M.D.  Jack  & R.H.  Dyck,  IEEE 
Transactions  on  Electron  Devices,  ED-23,  p.  228,  1976. 

[B227]  "Twin-Layer  PCCD  Performance  for  Different  Doping  Levels  of  the 

Surface  Layer",  H.L.  Peek,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  235,  1976. 

t B228]  "Low  Frequency  Transfer  Efficiency  of  E-Beam  Fabricated  Conduc- 
tively  Connected  Charge-Coupled  Device",  R.H.  Krambeck, 

T. F.  Retajczyk,  Jr.,  and  L.D.  Yau,  IEEE  Transactions  on  Electron 
Devices,  ED-23,  p.  239,  1976. 

[B229]  "Fabrication  and  Performance  of  Offset-Mask  Charge-Coupled  De- 
vices", A.M.  Mohsen  & T.F.  Retajczyk,  Jr.,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  248,  1976. 

[B230]  "Supply  Charge  Isolation  - A Simple  Surface  Potential  Equilibra- 
tion Charge- Injection  Technique  for  Charge-Coupled  Devices", 

R.A.  Haken,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  257, 
1976. 

[B231]  "Linear  Charge-Coupled  Device  Signal-Processing  Techniques", 

K. R.  Hense  & T.W.  Collins,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  265,  1976. 

[B232]  "A  Nonoverlapping  Gate  Charge-Coupling  Technology  for  Serial 
Memory  and  Signal  Processing  Applications",  V.A.  Browne  & 

K.D.  Perkins,  IEEE  Transactions  on  Electron  Devices,  ED-23, 
p.  271,  1976. 


320 


[B233 ] "The  Validity  of  the  Depletion  Approximation  Applied  to  a Bulk 
Channel  Charge-Coupled  Device",  B.  Dale,  IEEE  Transactions  on 
Electron  Devices,  ED-23,  p.  275,  1976. 

[B234]  "Scaling  of  Surface-Channel  Charge-Coupled  Devices",  L.D.  Yau, 

IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  282,  1976. 

[B235]  "Multiplexed  Filtering  with  Charge-Transfer  Devices",  A.  Gersho  & 

B.  Gopinath,  IEEE  Transactions  on  Electron  Devices,  ED-23,  p.  288, 
1976. 

[B236]  "The  Calculation  of  Potential  Profiles  in  CCD's  Using  Green's 
Function  Techniques",  D.  Schechter  & R.D.  Nelson,  IEEE  Trans- 
actions on  Electron  Devices,  ED-23,  p.  293,  1976. 

[B237]  "Experimental  Results  on  Three-Phase  Polysilicon  CCD’s  with  a 
TCE-SiC^/Si^N^  Gate  Insulator",  G.J.  Declerck,  K.M.  De  Meyer, 

E.J.  Janssens,  E.E.  Laes  & J.  Van  der  Spiegel,  IEEE  Transactions 
on  Electron  Devices,  ED-23,  p.  297,  1976. 

[B238]  "Edge-Triggered  Charge-Coupled  Device  (CCD)",  B.J.  White,  'IEEE 
Transactions  on  Electron  Devices,  ED-23,  p.  299,  1976. 

[B239  ] "A  Simple  Linear  Input  Scheme  for  Two-Phase  Charge-Coupled  Devices" 

C. S.  Wang  & M.T.  Tormey,  IEEE  Transactions  on  Electron  Devices, 
ED-23,  p.  300,  1976. 

v 

[B240]  "The  Elimination  of  Stacking  Faults  by  Preoxidation  Ge ttering 

of  Silicon  Wafers",  G.A.  Rozgonyi  & R.A.  Kushner,  J.  Eteckochem 
Society,  123,  p.  570,  1976. 

« 


J 


4 


321 


GPO  01  1 ‘1  CO 


